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PRATT & WHITNEY AIRCRAFT PWA-2315

FOREWORD

This report was prepared by the Pratt & Whitney Aircraft Division of
United Aircraft Corporation, East Hartford, Connecticut, to describe
in part the work conducted from June 1 to December 1, 1963 in fulfill-
ment of Task III, Item A of Contract NAS3-2335, Amendment 1, Ex-
perimental Investigation of Transients in Space Rankine Powerplants.
It summarizes the experimental aspects of Task III, Item A, and deals
with flow stability inside condensing tubes.

Task III, Item A consisted of an analytical and experimental study of
convectively-cooled indirect condensers for Rankine-cycle space power-
plants. The analytical part of the task was dirécted towards identify-
ing the most promising condenser concept based on considerations of
heat transfer, fluid mechanics, structural integrity, fabrication and
sealing, and systems integration. The results of the analytical study
are contained in Report PWA-2320, Volume 1, except for the struc-
tural analysis. The latter is presented in a classified Volume 2 of
Report PWA-2320, because of the classification of some properties of
columbium-1 per cent zirconium.
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I. INTRODUCTION

Rankine-cycle space powerplants require that the working fluid be con-
densed either directly inside radiators or indirectly in compact heat
exchangers. In the most common designs of both types of condensers,
the condensing occurs inside of tubes. Since flow instabilities inside
condensing tubes might cause large pressure oscillations and inventory
changes within the system, investigations were needed to determine
whether or not such instabilities exist, and to eliminate them if they
were found to be present and detrimental.

An experimental study reported in Volume 2 of Report PWA-2227%
concluded that slugging occurred with condensing flow inside of tubes
and that large pressure oscillations resulted. In order to supplement
the findings from that study, an additional experimental program was
conducted to investigate effects of tube diameter and gravity on slugging
in condensing flow, and to investigate means for reducing the pressure
oscillations caused by slugging.

Many space powerplants under consideration having compact indirect
condensers use a number of independent radiators and cooling loops
for condensing the flow of the Rankine cycle. Coolant loss could be
caused by meteoroid punctures in one or more radiator segments.
Therefore, an investigation was also made of the effects of loss of
coolant to different shell-tube condenser sections that might be asso-
ciated with such independent radiator segments.,

*Wyde, S.S., and H.R. Kunz, Experimental Investigation of Heat

Rejection in Nuclear Space Powerplants, Report PWA-2227, Volume

2, Condensing Flow Stability Studies, Report Period June 1, 1962 to
May 31, 1963
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II. SUMMARY

An experimental program was conducted to investigate stability of
condensing steam flow inside of tubes to aid in the design of Rankine-
cycle space powerplants. As a result of the investigation it can be
concluded that slugging is likely to occur inside tubes in zero gravity

at high condensing rates. This slugging causes pressure oscillations
which must be taken into account in the powerplant component structure,
In addition, slugging might cause possible pump cavitation problems.
These problems may be more severe in ground tests of a space power-
plant. The magnitude of the pressure oscillations can be reduced by the
use of inserts in the tubes. Furthermore, meteoroid puncture in a ra-
diator segment with a subsequent loss of coolant to one of a number of
parallel condensers might result in violent pressure oscillations. These
oscillations could also lead to pump cavitation and system failure. Os-
cillations can be reduced by the use of orifices in the condensing tube exits.

Tre program was divided into four parts: 1) glass-tube tests to
coordinate visual observations with transient pressure measurements,
2) single-metal-tube tests to determine the effects on slugging of
gravity, tube diameter, and inserts within the tube, 3) simulated
segmented shell-tube indirect condenser tests to determine the effects
of partial coolant loss with different orientations and cooling arrange-
ments, and 4) simulated condensing-radiator tests to determine the
effects of gravity on condensing flow in this configuration.

The glass-tube tests were made with one, two, and three condensing
tubes in parallel, with the test section oriented either horizontally,
tilted 2 degrees downhill, or tilted 2 degrees uphill. Flow oscillations
were found to be present and a high speed motion picture showed that
these oscillations were due to slugging. Pressure transducers re-
corded the frequency and magnitude of oscillations during slugging
flow. These oscillations occurred more frequently when the test section
was oriented at a slight uphill slope than when in the level orientation.
At a slight downhill slope, no pressure oscillations occurred.
The single-metal-tu‘be tests were conducted with condensing tubes hav-
ing constant inside diameters of 0.180, 0.305, and 0.430 inch, and with
a tapered condensing tube whose inside diameter varied from 0.50 inch
at the inlet to 0.1875 inch at the exit. In addition, three different in-
serts were installed and tested inside one of the constant diameter tubes.
ensing flow rate, and coolant
flow rate were investigated using these seven different test sections.
In general, the magnitude of pressure oscillation caused by slugging
decreased as the angle of tube inclination decreased from vertical up-
flow to vertical downflow. However, the smallest constant diameter
tube showed minimum magnitude of oscillation in the level orientation
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PRATT & WHITNEY AIRCRAFT PWA-2315

at one set of conditions. Thus significantly greater oscillations occurred
in both the vertically up and vertically down orientations than in the
horizontal orientation. Slugging did occur to some extent in most

tests with vertical downflow orientation which seemingly would result

in more stable conditions than those anticipated in zero gravity.
Therefore, slugging could exist in actual space powerplants.

The tapered-tube test section and the inserts were tested in an attempt
to reduce or eliminate slugging. The three inserts tested were a
twisted tape insert and both a slotted and a nonslotted concentric tubu-

lar insert. The inserts tended to reduce the magnitude of oscillations,
but the tapered diameter tube did not.

The simulated shell-and-tube condenser test section, which consisted
of three tubes with segmented cooling jackets, was tested to determine
effects on pressure and temperature fluctuations when the coolant was
shut off in different segments. Two different cooling arrangements
were tested, one which simulated a condenser cooled by different ra-
diator loops in different axial sections, and the other which simulated
a set of condensers connected in parallel, each being cooled by a sep-
arate radiator loop. Different test section orientations, different header
sizes, and the use of orifices in the tube exits were also investigated.

considerable amounts of vapor entered the exit manifold. This detri-
mental effect occurred only when the second type cooling arrangement
was used without orifices installed in the tube exits. The use of ori-
fices apparently allowed only a small amount of vapor to enter the

exit manifold. Thus, to avoid high amplitude pressure oscillations in
the event of meteoroid puncture of a radiator loop, devices which re-
strict vapor flow (such as orifices) at the condensing tube exits are de-
sirable with parallel condenser operation. The test section orientation
also affected the results since in some cases the liquid head in the exit
manifold prevented vapor from entering the exit manifold.

The series of simulated condensing-radiator tests was run using a
configuration consisting of three tubes of 0. 180-inch inside diameter
stacked in a vertical plane with the tube axes horizontal. The vertical
distance of 6 inches between successive tubes created a pressure dif-
ferential between the tube exits. In these tests, the total steam flow
rate was decreased and temperatures at the tube inlets were recorded.
The results indicated the value of low steam flow rate which permits
sufficient liquid head in the exit manifold to cause liquid to flow back
through the bottom tube. During this testing pressure oscillations
similar to those associated with slugging in other parts of the program
were found to be present. No additional instabilities were uncovered.
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III. TEST EQUIPMENT

The experimental program described in this report used the test facil-
ity described in Volume 2 of Report PWA-2227. The glass-tube
configuration and simulated direct-condensing radiator configuration
discussed here are described in the same report. In addition, the
following configurations were tested: single metal condensing tubes
with constant inside diameters of 0. 180, 0.305, and 0.430 inch; a
condensing tube of 0.430 inch diameter with twisted tape and tubular
inserts; a single metal condensing tube of tapered diameter; and a
configuration with three parallel tubes to simulate a shell-tube condenser.
Pressure transducers were used in these tests to determine the mag-
nitude and frequency of pressure oscillations. Transient temperature
measurements were also made for tests on some configurations.

A. Description of Facility

A schematic flow diagram of the facility is shown in Figure 1. Wet
steam was supplied from a plant boiler to shutoff gate valve V], at a
pressure of 150 psia. The steam and liquid water were then separated
by two separators in series. The separated liquid flowed to the drain

through a steam trap and the steam flowed through a filter before
splitting into two branches.

In one branch the steam was superheated by a resistance heater. The
superheated steam pressure was regulated by either of two regulating
valves, V4 or V5, and the steam flow was metered by a standard ori-
fice. The superheated steamm was partially controlled by wvalve Vg
before entering a mixing chamber. In the other branch the steam was
condensed to subcooled water and the flow was metered and controlled
by valve V7 before entering the mixing chamber. The desired steam
quality at the test section was produced by controlling the temperatures
of the two branches before mixing and the ratio of superheated steam
flow to subcooled water flow. )

The test sections were cooled by water pumped through cooling jackets
concentric with the condensing tubes. The cooling flows of individual
cooling lines were metered. The condensate flow from the test section

was controlled by valves Vg, and Vg, and metered before entering
the drain.
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Thermocouples, Bourdon gages, manometers, and flowmeters were
used at strategic locations shown in Figure 1 for the simulated direct-
condensing radiator configuration. These measuring devices enabled
the determination of pressure, temperature, and flow of the coolant
and the condensing fluid at a number of different locations. Two types
of transducers were used for transient pressure measurements. One
type was a Consolidated Electric Corporation (CEC) transducer which
could sense both pressure level and pressure variations. The CEC
transducer and its galvanometer system could sense frequencies to
1000 cycles per second. The second type of transducer was a Photocon
transducer that was used to sense only pressure variations. This
transducer and the system used in conjunction with it could sense fre-
quencies to 3000 cycles per second. A Heiland oscillograph was used
to record the output of transducers and thermocouples used in transient
tests. Pressure fluctuations were monitored during the tests by viewing
the transducer outputs through oscilloscopes. Additional details of the
facility are described in Volume 2 of Report PWA-2227.

B. Description of Test Sections

The following sections describe each of the test configurations in de-
tail.

1. Glass-Tube Configurations

Figure 2 shows a photograph of the glass-tube configuration. The
glass branches consisted of precision borosilicate (Pyrex) glass
tubing of 0. 026-inch wall thickness, 0.240-inch outside diameter
and 25.8 inches length, with cooling jackets of 0.0625-inch wall
thickness and 1/2~inch outside diameter. This resulted in a cooling
jacket annular height of 0.0675 inch. The inlet manifold was a
plain stainless steel tube 2 inches in outside diameter with welded
branch connecting tees. The entrances of the tees were rounded
to a radius of 0.062 inch. The tees for a branch would be capped
off if that branch were not to be used. The inlet manifold had two
drain cocks and a threaded cap on the end for cleaning and inspec-
tion, and was thermally insulated for tests. The branches were
connected to the tees by Swagelok nuts and Teflon ferrules. Brass
fittings were used to prevent scratching and weakening the glass.
The exit manifold was made of 1/2-inch Swagelok tees and 1/2-inch
diameter tubing.
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The steam flow entered at right angles to the inlet manifold and
proceeded through a flow straightener. The large diameter inlet
manifold acted as a reservoir to provide equal flow through each
of the three branches.

2. Single-Metal-Tube Configurations

The different single metal tube test sections used are described
below. Each test section had stainless steel pressure taps near the
inlet and exit in order to attach manometer lines and transducers.

a) Constant-Diameter Condensing Tube - Three different con-
stant-diameter condensing-tube test sections were made with
copper condensing tubes and copper cooling jackets. The cool-
ing jackets were connected to the condensing tube and cooling
feed lines with Swagelok heat exchanger tees.

The flow entered each test section from a larger tube connected
to the test section by a reducing union. The inlet to each test
section was rounded to a radius of approximately 1/16 inch.

The main dimensions for these constant diameter sections are
summarized below:

Condensing tube inside diameter,inches 0.180 0.305 0.430
Condensing tube outside diameter, inches 0.250 0.375 0.500
Condensing tube length, inches 40, 25 63.0 63.0

Cooling jacket inside diameter, inches 0.430 0.555 0.670
Cooling jacket outside diameter, inches 0.500 0.625 0.750

Cooling jacket length, inches 35.0 51.5 51.5
Cooling annular height, inches 0.090 0.090 0.085
Overall cooled length, inches 37.0 56.0 56.0
Entrance tube inside diameter, inches 0.430 0.430 0.670

b) Swirler Insert Test Section - The 0.430-inch inside diameter
test section described above was modified by inserting a stainless
steel twisted tape 0.094 inch thick and 0.430 inch wide into the
tube. The twisted tape shown in Figure 3 had a length of 58 inches
and a pitch of 1.5 inches. The swirler occupied the last 92 per
cent of the length of the condensing tube. A radial pin brazed to
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3.

the tube wall at the downstream end prevented the swirler from

moving downstream, and a tight fit within the tube prevented the
swirler from turning.

c¢) Tubular Insert Test Sections - Two different tubular inserts
were made to fit inside the 0.430-inch inside diameter tube de-
scribed in a). The inserts shown in Figure 3 were made of
stainless steel tubes 0. 191 inch in outside diameter, and 0.01
inch in wall thickness. Wire spacers were soldered to the tube
in order to center the insert in the condensing tube. One insert
had circumferential slots cut around one-half of the circum-
ference approximately every 0.25 inch and the other was left
plain. Each insert was 24 inches long and occupied the last

38 per cent of the condensing tube. A radial pin located in the
downstream end of the condensing tube prevented the inserts
from moving downstream.

d) Tapered Diameter Tube - A photograph of the tapered tube
configuration is shown in Figure 4. Both the condensing tube
and coolant tube were made of aluminum. The condensing tube
had an inside diameter of 0.50 inch at the inlet and 0. 1875 inch
at the exit. The length was 43. 0 inches and the wall thickness

0. 035 inch. The coolant tube had an inside diameter of 0. 656
inch at the inlet and 0. 375 inch at the exit. Its length was 38.5
inches and its wall thickness was 0. 046 inch. The coolant
annulus was therefore approximately 0. 10 inch high. The cool-
ant jacket was attached to the condensing tube by using an

epoxy cement to seal the annular spaces on both ends. The cool-
ing lines were also attached to the coolant jacket with this epoxy
cement. The steam flow entered the test section from a 0.56-
inch inside diameter tube which was connected to the test section
by a reducing union. The inlet to the test section was rounded.

Simulated Shell-Tube Configuration

The simulated shell-tube configuration shown in Figure 5 comprised
an inlet and an exit manifold connecting three condensing tubes in
parallel. The copper condensing tubes were 0.430 inch in diameter,
0.035 inch in wall thickness, and 63 inches long. Each condensing
tube had three concentric tubular cooling jackets made from copper
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tubes 0.750 inch in outside diameter, 0.040 inch in wall thickness, and
12.5 inches long. The cooling jackets were connected to the con-
densing tubes and cooling lines by Swagelok heat exchanger tees.

Each cooling segment had an overall cooling length of 17 inches and

a cooling annulus 0. 085 inch high.

Two inlet manifolds of different lengths were used. One was 5 inches
long and the other 6 inches long. Both were constructed from 4-inch
copper tubing, 4-inch copper caps, and steel flanges. Either mani-
fold could be bolted to a steel plate containing inlet tees connected

to the condensing tubes with Swagelok nuts. The tees had rounded
inlets and were spaced in line with a center-to-center distance of

1. 625 inches between center tee and each of the two end tees. The
flow entered the inlet manifold through a 0.5-inch outside diameter
tube located in the face opposite the tube inlet plate. The manifold
inlet was not in line with any of the tube inlets. The inlet manifolds
were insulated during testing.

caps and 4-inch copper tubing. Tees to connect the condensing

tubes to the exit manifold were brazed directly to one of the copper
caps. Also, a 0.25-inch outside diameter tube was brazed in the
side of the exit manifold for the flow exit. Bleed vents and pressure
taps were installed in all manifolds, and pressure taps were installed
near the exit of each condensing tube.

This test section had pressure transducers connected to the pressure
taps located in the inlet manifold, exit manifold, and exits of each
tube. The inlet manifold pressure was obtained from a precision
glass tube manometer. Four chromel-alumel thermocouples with
1/16-inch diameter sheaths were installed to an immersion length

of 5/8 inch inside each condensing tube. These were spaced with
one at the tube inlet and one after each cooling segment. In some
tests, orifices 0.1 inch in diameter were inserted in the exit of

each condensing tube.

4. Simulated Condensing-Radiator Configuration

This configuration was the three-metal-branch configuration re-
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ported on in Volume 2 of Report PWA-2227. A photograph of this
test section is shown in Figure 6.

The steam flow entered at right angles to the inlet manifold of 2-
inch outside diameter and proceeded through a flow straightener.
The large diameter inlet manifold acted as a reservoir to provide
equal flow through each of the three branches which were connected
to the manifold with welded tees. The collector manifold for the
three branches had an outside diameter of 1/2 inch. The inlet mani-
fold had two drain cocks and a threaded cap on the end for cleaning
and inspection, plus viewports to visually inspect the inside during
testing. The inlet manifold was thermally insulated for tests.

The dimensions of the branches were identical to those for the
0.180-inch inside diameter single condensing tube configuration de-

scribed above. The center-~to-center distance between branches
was b inches.
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IV. EXPERIMENTAL PROGRAM AND TEST RESULTS

The experimental program was divided into four parts: glass-tube
tests, single-metal-tube tests, simulated shell-tube configuration
tests, and simulated condensing-radiator configuration tests. The
glass-tube tests provided a method of connecting visual observations
of slugging with transient measurements from pressure transducers.
The single-metal -tube tests provided a method of determining effects
of tube diameter, condensing flow rate, coolant flow rate, angle of
tube inclination, and use of inserts on pressure oscillations caused by
slugging. The simulated shell-tube tests showed how different cooling
arrangements, use of orifices, size of inlet header, and test section
orientation influenced pressure and temperature variations during
periods when coolant flow to part of the condenser was shut off. The
simulated condensing-~radiator configuration tests showed the effects

of gravity upon flow distribution when the manifolds axes were oriented
in the vertical plane.

A. Glass-Tube Configurations

ported in Volume 2 of Report PWA-2227. Movies were taken which
showed that rapid changes in the position of the final liquid-vapor in-
terface occurred during otherwise steady operation. However, the
movie speed was not fast enough to determine whether slugging occurred
in these tests. Also, a run with the test section at a slight downward
slope did not indicate any rapid pulsations.

In order to supplement these observations, additional tests were run
using glass tubes. First, high speed motion pictures were taken which
indicated that slugging was occurring during the rapid pulsations pre-
viously observed. Tests were then run using pressure transducers to
record the magnitude and frequency of the pulses. These tests were
run with one, two, and three tubes to determine whether the number
of tubes affected the pressure fluctuations. Also, the test sections
were oriented in three different positions to observe the effects of
gravity. Table 1l contains the conditions and condensing lengths for
all tests run on the glass tube configurations. All tests were run at a
tube inlet static pressure of approximately 20 psia. Because of the
similarity of the results for a number of the runs reported, only par-

ticular runs were used to demonstrate the various features observed
in the data.

PAGENO. 10
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A sequence from the high speed movies is shown in Figure 7. Individual
frames show the condensate film initially calm, with waves formed,
rapidly becoming turbulent, returning to a calm state, and finally show-
ing back flow to reveal the final liquid-vapor interface. Although the
movies did not show the wave bridging across the diameter of the tube

to form a slug, the action shown is similar to parts of slug flow sequences
described in Report PWA-2227. Significantly, the main action occur-
ring between the second and third frames took only 0. 0044 second and
thus a normal speed movie would only indicate a blur for this motion.

The entire sequence occurred within the short span of 0. 128 second.

Figure 8 contains typical curves of pressure at tube exits versus time,
for one, two, and three tubes oriented in 2° uphill orientation. All
three curves indicate that a set of oscillations occurred approximately
every two seconds with a calm period between each set. The effect of
number of tubes can be seen from the increase in the number of oscil-
lations in each set as the number of tubes increased. This can perhaps
be explained by the occurrence of a vapor slug collapsing in one tube
reducing pressure in all the tubes thereby providing impetus for slugging
to occur in another tube, and so on. It can also be observed in this
figure that the magnitude of pressure oscillation is approximately the
same for one, two, and three tubes.

Figure 9 shows that the pressure fluctuations at various locations in a
three-tube test section are approximately in phase.

Figure 10 shows the effect of gravity on the pressure fluctuations for
a single tube. At a slight downhill slope of 2°, the tube exit pressure
was nearly constant, indicating that slugging did not occur. At a level
orientation, sets of oscillations occurred with a period of about 5
seconds between sets. When the tube was oriented for a slight uphill
flow, the period between sets of oscillations decreased to about 2
seconds. Although the case presented for a 2° downhill slope had con-
siderably less condensing steam flow than the other two tests, the sets
of tests for 2 and 3 tubes which had approximately equal condensing
flow per tube indicated similar results.

B. -Single-Metal-Tube Configurations

The effect of gravity on pressure oscillations observed in the glass-tube
tests indicated that further tests with variation of tube inclination were
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needed at higher condensing flow rates. Therefore, the rig was modi-
fied in order to vary the angle of test section inclination from a vertical
upflow position (+90°) to a vertical downflow position (-90°). Three
different metal tube test sections with inside diameters of 0. 180,

0.305, and 0.430 inch were used to determine the effects of tube dia-
meter on pressure fluctuations. A tapered-diameter test section was
also constructed to determine whether decreasing the cross-sectional
area as the vapor condensed could reduce pressure oscillations. Three
other test sections with inserts were also tested in an attempt to dis-
cover methods of overcoming slugging within a condenser tube.

Tables 2 through 8 contain the test conditions of the different single-
metal-tube tests. KEach configuration was tested at two different con-
densing steam flow rates to determine the effect of velocity on pres-
sure oscillations. Also, in the lower condensing flow rate tests, two
different coolant flow rates were used to determine the effects of that
variable. All tests were run at a tube inlet static pressure of approxi-
mately 50 psia. The condensed liquid at the exit of the tube was sub-
cooled between 100 and 200°F for these tests. There was no evidence
of any effects caused by the different magnitudes of subcooling at the
tube exit on the slugging phenomenon.

Figure 11 contains plots of the average magnitude of pressure oscilla-
tion in the tube exit versus the angle of tube inclination for the 0. 18-
inch inside diameter tube tests and for the different test conditions shown
in Table 2. This average magnitude of pressure oscillation was ob-
tained by calculating the difference between the peak and adjacent
minimum pressures for a number of times and averaging this difference.
An adequate number of differences was selected to make the average
insensitive to the number selected. The high condensing flow curve
indicates that the magnitude of oscillation was minimum in the level
orientation and the magnitude of oscillation increased as the tube angle
of inclination was raised or lowered. These three curves indicate that
the condensing flow rate had a large effect upon the magnitude of pres-
sure oscillation, whereas coolant flow rate had only a slight effect.
Also, at downhill slopes and at the level positions, oscillations were
either infinitesimal or small for the low condensing flow rate of 0.0035
lb/sec and either cooling flow rate. An increase in slope upward in-
creased the magnitude of oscillation.

Figure 12 shows the magnitude of pressure oscillation in the inlet header.

The pressure oscillations at the inlet were considerably lower in mag-
nitude than those at the exit. Apparently the oscillations are damped
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by the uncondensed vapor contained in the small-diameter tube upstream
of the location where the slugging occurred.

Figure 13 contains typical curves of pressure at the tube exit versus
time for the high condensing flow tests. Figure 14 contains similar
curves of tests with the low condensing flow of 0.0035 lb/sec and a
coolant flow of 0.80 1b/sec. The test results for the low condensing
flow and a coolant flow of 0.36 Ib/sec were similar to those shown in
Figure 14.

Curves of average magnitude of pressure oscillation versus angle of
inclination at the exit and inlet of the 0.305-inch inside diameter tubes
are shown in Figures 15 and 16 with the test conditions shown in Table
3. The same type curves for the 0.430-inch inside diameter tube are
shown in Figures 17 and 18 with test conditions shown in Table 4. The
high condensing flow rates for each of these two test sections resulted
in approximately the same inlet steam velocity as did the two sets of
tests at the lower condensing flow rates. The curves at the respective
high and low steam inlet velocities for these two test sections were
similar. Also, the magnitude of pressure oscillation at the inlet

was similar to that at the exit for each configuration. This result
was considerably different from that for the 0. 180-inch inside diameter
tube tests. The larger diameters coupled with the probability that the
condensing lengths are shorter could explain why the oscillations were
not damped at the inlets in these tests. In general, the magnitude of
pressure oscillation decreased as the angle of inclination decreased.

Typical pressure versus time curves for the 0.430-inch inside diameter
tube tests are shown in Figures 19 and 20. The Figure 19 curves are
for high condensing flow and those of Figure 20 for low condensing flow,
high coolant flow. At the low condensing flow, low coolant flow, the
results were similar to those shown in Figure 20. The results for the
0.305-inch inside diameter test section were also similar to these
curves at the corresponding test conditions of coolant flow and inlet
steam velocity.

Significantly, at an angle of inclination of -90°, the pressure oscilla-
tions were relatively small and increased rapidly as the angle of in-

clination increased. This trendis much different from that indicated
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for the high condensing flow tests in the 0. 180-inch inside diameter tube
at approximately the same inlet steam velocity. This indicates a
possible diameter effect upon slugging.

Most of the downflow tests indicated some pressure oscillation even
though the magnitude was small. This result indicates that slugging
is likely to occur under zero gravity conditions if an annular flow
pattern exists within the condensing tube. Since the condensing film
would tend to be thinner in the downflow case because of the effect of
‘gravity, slugging would be more likely to occur under zero gravity.

One concept for decreasing or eliminating slugging is to induce a tan-
gential velocity component in the condensing fluid to prevent transverse
waves from being produced in the condensate layer. Thus, a twisted
tape or swirler was inserted in the 0.430-inch inside diameter tube to
induce a tangential velocity in the condensing fluid. A series of tests
was run on this configuration at the test conditions shown in Table 5.
Figures 21 and 22 show average magnitude of pressure oscillation
versus angle of tube inclination at the tube exit and inlet for this test
section. A comparison of Figure 21 with Figure 17 shows that the
tendency of the swirler was to reduce the magnitude of pressure oscil-
lation at the tube exit for the tests with upflow angles of inclination,
but had little or no adverse effect for tests with level or downflow
orientations. A comparison of Figures 22 and 18 indicates that the
swirler has a much greater effect in reducing the magnitude of pres-
sure oscillation at the tube inlet. This is probably due to a damping
effect of the swirler on the transmission of pressure oscillations along
the tube in the two-phase region.

Figure 23 shows typical curves of pressure at the tube exit versus time
at the high condensing flow rate.

Another concept for decreasing or eliminating slugging is to provide
solid boundaries to contain the condensate film and thus prevent waves
from growing to form slugs. Inorder to test this concept, two test
sections were constructed by inserting a 3/16-inch outside diameter
tube into the 0.430-inch inside diameter condensing tube., Slots were
cut into one insert tube while the other was left solid. These sections
were tested only in the level orientation. Tests on the slotted insert
section showed no pressure oscillations for long periods (5 minutes
or more). However, occasionally oscillations would occur. Figures
24 and 25 show typical curves of pressure at the tube exit versus
time for two flow conditions, during periods of calm and periods of
oscillation. The test conditions are shown in Table 7.
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During the periods of oscillation, the magnitude of pressure oscillation
of the slotted insert test section showed improvement over the plain
0.430-inch inside diameter tube without swirler section for similar
flow conditions.

The nonslotted insert test section also showed improvement over the
0.430-inch inside diameter tube without swirler section. Figure 26
shows typical curves of pressure in the tube exit versus time for three
different test conditions shown in Table 6.

A tapered-diameter tube test section was also tested to determine
whether decreasing the tube diameter as the condensate film increases
could reduce the slugging. Figures 27 and 28 show curves of magni-
tude of pressure oscillation in the tube exit and inlet as a function of
angle of tube inclination. Test conditions are presented in Table 8.
Since diameter and velocity varied over a wide range along the test
section, it is difficult to compare these curves directly with the other
test sections. However, it appears that the tapered test section did
not produce very favorable results in reducing pressure oscillations.

In some tests on the tapered tube, the pressure fluctuations measured
at the inlet were greater than those measured at the exit. Apparently,
the slugging occurred at such a point that the diminishing diameter
over a relatively long length aided in damping the magnitude at the exit
for these cases. Figure 29 shows typical curves of pressure in the
tube exit versus time for one test condition.

C. Simulated Shell-Tube Configurations

A test section was constructed to simulate a shell-tube type condenser
with the condensing flow inside of the tubes. This type of condenser

is presently considered the most likely type to be used in an indirect-
condensing Rankine cycle space powerplant. In such a powerplant, a
liquid coolant flows in one or more radiator loops to absorb the heat
rejected by the Rankine cycle working fluid in one or more condensers.
This heat is then rejected to space from the radiators.

The coolant for any condenser can either: 1) be provided from one
distinct radiator loop (single-loop condenser) (see sketch), or 2) be
provided from several radiator loops by segmenting the condenser shell

side (multiloop condenser) (see sketch). Since each coolant loop is
associated with a distinct radiator segment, a radiator puncture would
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result in no heat being rejected from the Rankine cycle working fluid of
a single-loop condenser, but would result in at least partial condensa-
tion of the working fluid in a multiloop condenser.

____ POWER-LOOP
CONDENSER v INLET
- 2112 §: ™ =
b3 b3 3 2
POWER-LOOP i “T ]
CONDENSATE «— - le————COOLANT LINE
OUTLET d
s o
COOLANT
PumMP T W AW-
MW AW~ AW ‘:‘:".‘ le————RADIATOR
V AW MW
RADIATION TO SPACE
Single-Loop Condenser System
/SEGMENTED-SHELL CONDENSER
POWER-LOOP
POWER-LOOP
CONDENSATE S S N vapoR INLET
OUTLET F
———COOLANT LINE
COOLANT L/ E 3
PUMP A'A'A'A A'A'A AAAA.
M M P
Y WA i |e—RADIATOR

RADIATION TO SPACE

Multiloop Condenser System
In order to investigate effects from loss of coolant to either single-loop
or multiloop condensers, the test section was constructed with the
cooling jacket of each condensing tube divided into three axial seg-
ments. In order to simulate single loop condensers, the three cooling
jackets from each tube were connected in series (parallel-to-tube
cooliﬁg arrangement) (see sketch). To simulate multiloop condensers,
the first axial segments of each one of the cooling jacket segments

COOLANT WATER TO DRAIN
INLET

Parallel-to-Tube Cooling Arrangement to Simulate Single-Loop Condenser

were connected in series. The same was done for the second and third
axial segments (across-tube cooling arrangement) (see sketch). In
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Across-Tube Cooling Arrangement to Simulate Multiloop Condenser

either cooling arrangement there were three distinct cooling lines with

a three-way valve in each line, in order to bypass the coolant from the
cooling jackets directly to the drain.

The test procedure was first to set the approximate conditions of con-
densing flow per tube at 0.020 lb/sec, coolant flow per line at 0.81
lb/sec, and tube inlet static pressure at 50 psia, and then to bypass
the coolant from one of the cooling lines. After about 25 seconds, the
valve was reopened. The cooling water trapped in the cooling annulus
could boil off since the line was open to the drain. Transient measure-
ments were made of tube exit pressures, inlet manifold pressure, exit
manifold pressure, and four condensing fluid temperatures from each
tube.

Three different test section orientations were used in this series.

They were: 1) tube axes horizontal, tubes stacked in the vertical plane,
2) tube axes horizontal, tubes arranged in the horizontal plane, and

3) tube axes vertical. Orifices were installed in the tube exits for
some tests. Also, two different size inlet headers were used. Table

9 contains a list of the different tests run using the simulated shell-tube
configuration. Tables 10 through 32 contain the values of exit manifold
pressure level, magnitude of pressure oscillation at various locations,
and temperature levels of the 12 thermocouples as a function of time,
for each test.

Prior to bypassing'the flow from a coolant line, all tests exhibited
pressure oscillations which had an average magnitude between 2 psi
and 10 psi, caused by slugging flow.

The tests with the across-tube cooling arrangement showed different
effects when each of the three cooling sections - was shut off. However,
no large effects were seen from the two different test section orien-
tations, from the two different-sized headers, nor from the presence
or absence of orifices in the tube exits. Therefore, a discussion of
Tests Nos..9.07, 9.08, and 9.09 can best show the effects of shutting
off each cooling section on the pressure level, the magnitude of oscil-
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lation, and the temperature profile as a function of time. All of these
tests were run with the tube axes horizontal and with the tubes stacked
in the horizontal plane.

Figure 30 shows the pressure level in the exit manifold versus time
for these three tests. When the coolant was bypassed from the cooling
sections nearest the inlet manifold, the pressure level rose sharply
and then decreased to approximately the initial level. Removing the
cooling from the first third of a tube tends to increase the vapor inven-
tory of each tube, and.thus decrease the liquid inventory. However,
the condensate flow across the exit valve (fixed setting during this test)
would remain the same unless the pressure upstream of the valve
increased. Since the incoming vapor cannot be condensed at the initial
pressure until the final liquid-vapor interface has moved far enough
downstream, there is a pressure buildup. As the final liquid-vapor
interface moves downstream towards its new equilibrium location,
complete vapor condensation can again occur at a lower pressure and
the needed reduction of liquid inventory decreases, thus the pressure
decreases until equilibrium is obtained. When the coolant valve was
reopened, the reverse procedure occurred.

i

l For the run in which the coolant was bypassed from the middle sections,
the variation of pressure was similar but not as large since the final

' liquid-vapor interface was probably located near the beginning of this
section. Removing the cooling from the sections nearest the exit mani-

l fold only decreased the level of subcooling, and therefore did not in-
crease the vapor inventory. Thus, the pressure level remained vir-

' tually constant for this case.

Figure 31 shows the effects of shutting off the coolant to each of the
three sections on magnitude of pressure oscillation. For the first
sections, the effect was to decrease the magnitude of oscillation con-
siderably while there was no discernible effect for the third section.

The magnitude of oscillation was highly sporadic for the middle section
case. Typical curves of pressure in the exit header versus time dur-
ing the periods of coolant shutoff for Tests 9. 07 and 9. 08 are shown in
Figures 32 and 33.

The temperature profile as a function of time for the case where the
coolant to the first section was shut off is shown in Figure 34. T,

T2, and T3 were located at the inlets of the three tubes and indicated
saturation temperatures. Variation of these three temperatures approx-
imately corresponded to changes of saturation temperature with vari-
ations of pressure level. T4, Tg, and Tg, which were located between
the first and second cooling sections of the three branches, tended to
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vary as the pressure varied with the exception of T¢g during the first
few seconds. The final liquid-vapor interface in Tube 1 was probably
located upstream of Tg while the interfaces in Tube 2 and Tube 3 were
located downstream of T4 and Tg. Shortly after the coolant was shut
off, T¢ was at saturation temperature which indicates the final inter-
face moved downstream of Tg.

T7, Tg, and Tg indicated that the flow was not evenly distributed
amongst the three tubes as did T)g, T;), and Tj2. Apparently, Tube
2 had the highest condensing flow while Tube 1 had the lowest. This
also confirms the conclusion concerning the interface locations men-
tioned in the preceding paragraph. Similar conclusions can be obtained
from Figures 35 and 36 when each of the other two cooling sections
was shut off. However, the flow maldistribution did not alter the
gross effects of the tests. Large variations of T6 in Figures 35 and
36 indicate the transient shifting of the final liquid-vapor interface
with respect to that thermocouple. The large temperature changes in
the short time span indicate the rapid motion undergone by the final
liquid-vapor interface.

In order to illustrate the effect of vertical stacking as opposed to hori-
zontal stacking, Figures 37, 38, and 39 show mean pressure level in
the exit manifold, magnitude of pressure oscillation in the exit mani-
fold, and the 12 temperature levels, all as functions of time for Test
No. 9.02. This test had vertical stacking and can be compared to the
corresponding curves for Test No. 9. 08 which had horizontal stacking.
The temperature versus time curves were fairly similar except that
the final liquid-vapor interface of Tube 1 (bottom tube) from Test 9. 02
was located upstream of T3 for a portion of that test. This shows that
the liquid head in the exit manifold forced the liquid-vapor interface
upstream in the bottom tube. The magnitude of oscillation was re-
latively low at 2 psi or less throughout the period the coolant was

shut off in Test 9. 02, where for Test 9. 08 the magnitude of oscillation
occasionally was as high as 7 psi. Although there were some differ-
ences between data from Tests 9.02 and 9. 08, the main trends were
similar.

Figures 40, 41 and 42 show mean pressure level in the exit header,
magnitude of pressure oscillation in the exit header and the 12 temp-
erature levelsversus time for Test 9. 11. This test had horizontal tubes,
horizontal stacking, across-tube cooling, and exit orifices. Figure

43 shows a typical curve of pressure in the exit header versus time
during a period the coolant was shut off to the middle sections. These
figures can be compared to those for Test 9. 08 to show that inserting
0. l-inch diameter orifices in the tube exits had virtually no effect on

test results for across-tube cooling. Throughout all of these tests the
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tube exits contained liquid, and therefore the use of orifices to reduce
vapor flow into the exit manifold was not needed. The pressure drop
across the orifice was approximately 0.7 psi for a liquid flow of 0.021
lb/sec per tube. This pressure loss can be compared with an estimated
total pressure loss between manifolds of 0. 6 psi based on previous run-
ning. Other tests with the across-tube cooling and with exit orifices
showed trends similar to those indicated by this discussion.

In contrast to the across-tube cooling arrangement, the parallel-to-
tube cooling arrangement showed large effects as to whether or not
orifices were inserted in the tube exits, and whether the tubes were
stacked in the vertical or horizontal plane. Figure 44 shows the ef-
fects of vertical stacking on magnitude of pressure oscillation in the
inlet and exit manifolds when coolant to the middle tube and to the
bottom tube was shut off without orifices in the tube exits. The mag-
nitude of oscillation increased greatly when coolant flow to the middle
tube was stopped, whereas little change occurred for the case when
coolant to the bottom tube was shut off. Figure 45 shows that the pres-
sure levels in the exit manifold for these two tests increased after the
valve was closed, and then decreased to a fairly constant level indicating
the effects of increased vapor inventory. Figure 46 shows a typical
curve of pressure in the exit header during a period when coolant to
the middle tube was shut off. Violent pressure changes were occur-
ring approximately every 0.2 second. '

The temperature versus time curves for these two tests, Figures 47
and 48,indicate that the vapor entered the exit manifold for the test
when the coolant to the middle tube was shut off (Test No. 9,16), but
did not for the test when the coolant to the bottom tube was shut off
(Test No. 9.17). Rapid condensation of vapor in the exit manifold
apparently caused the violent oscillations which occurred in Test

No. 9, 16. The effect of the liquid head in the exit manifold appar-
ently prevented vapor from entering the exit manifold when coolant

to the bottom tube was shut off. For Test 9.16 the interface in the
bottom tube shifted upstream and returned downstream of T¢ as equi-
librium was reached. For Test 9. 17 the interface in the bottom tube
was located upstream of Tg at the beginning of the test and then shifted
downstream of T¢ after the coolant was shut off. The curve for T]]

in Test No. 9. 16 indicated that this thermocouple, located at the exit
of the middle tube, was alternately exposed to subcooled liquid temp-
eratures and saturation temperatures during the period when coolant
to that tube was shut off. The thermocouples located in the cooled tubes
exhibited no large changes in temperature throughout either test. Al-
though the temperature level curves presented in this report do not
show very rapid fluctuations in temperature, small variations were
indicated in oscillograph traces. These rapid fluctuations were present
generally when pressure fluctuations occurred.

paGe Nno. 20



PWA-2315

PRATT & WHITNEY AIRCRAFT

Figures 49 and 50 show mean pressure level and magnitude of pressure
oscillation in the exit manifold for Tests 9.19 and 9.20. These tests
had conditions similar to those for Tests 9.16 and 9. 17, respectively,
except that 0. 1-inch diameter orifices were inserted in the tube exits.
Tests 9. 17 and 9.20 for which the coolant to the bottom tube was shut
off showed similar effects on pressure level and magnitude of oscilla-
tion. Also, the temperature level curves for Test 9.20, Figure 5,
were very similar to those for Test 9.17. Both showed that the end of
the bottom tube contained subcooled liquid throughout the period coolant
to that tube was shut off. However, results for Test 9. 19 for which
coolant to the middle tube was shut off showed that the magnitude of pres-
sure oscillation was as high as that for Test 9. 16 only for brief periods,
and was considerably lower except during these periods. Figure 52
shows a typical curve of pressure in the exit manifold versus time for
Test 9. 19 during a period in which high magnitude oscillations occurred.
The temperature level curves for Test 9. 19, Figure 53, were similar
for those of Test 9. 16 except for lack of large variations in Ty;. Ap-
parently the orifices used in Test 9. 19 prevented liquid from reentering
the middle tube once the coolant was shut off.

Figures 54 through 57 are curves for Test 9.23 in which the tube axes
were vertical with downflow, the middle tube coolant was shut off, and
orifices were present in the tube exits. The pressure level curve,
Figure 54, indicates the same type of rise and fall as the other tests
exhibited when vapor inventory was changed. The magnitude of pres-
sure oscillation was relatively low as shown in Figure 55. A typical
curve of pressure level during the coolant shutoff period is shown in
Figure 56. The temperature level curves, Figure 57, show that during
the period coolant to the middle tube was shut off, vapor from that tube
did not enter the exit manifold. The low magnitude of oscillation conforms
with results from the 0. 43-inch inside diameter single tube in the down-
flow orientation.

D. Simulated Condensing-Radiator Configuration

Most radiators considered for space application employ a long inlet
manifold with tubes branching off at right angles to the manifold flow
direction. The manifolds for this type heat exchanger have a large
aspect ratio whereas the manifolds feeding the tubes of a shell-tube
type heat exchanger are short and wide. Also, the tubes quite often
branch off in the direction of manifold flow for the shell-tube heat ex-
changer. The metal branch configuration described above simulates
the radiator type condenser.

Tests were performed using this configuration oriented with the mani-
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fold axes vertical and the tube axes horizontal to determine under what
circumstances the liquid head in the exit manifold could cause flow re-
versal in the bottom tube, and any associated pressure oscillations or
instabilities that might result. The test procedure was to establish a
condensing flow rate and to take transient measurements of temperature
from a thermocouple installed at the inlet of each tube. This proce-
dure was repeated for a series of tests with changes in condensing

flow. Table 33 contains the test data for this series. The static pres-
sure in the tube inlets was approximately 50 psia for these tests.

Figure 58 shows the curves of temperature at tube inlets versus con-
densing steam flow. The top and middle tubes indicated saturated
temperatures at their inlets throughout the entire flow range. However,
the curve for the bottom tube shows a sharp shift from saturated vapor
temperature to subcooled liquid temperature as the total flow was
lowered. The subcooled liquid temperature at the bottom tube inlet
indicated that liquid backflow occurred in the bottom tube.

An analysis was made in order to illustrate the effect of liquid head in
the exit manifold and the pressure loss from inlet manifold to exit
manifold on this flow reversal. In order to analyze the problem, the
flow distribution between the tubes must be determined and this in turn
depends upon the pressure distribution. The static pressure in the
inlet manifold can be considered uniform since the header was rela-
tively large and contained only vapor. However, the static pressure
at the exit of each tube was different due to the liquid head in the col-
lector. Therefore, the pressure differential between header and
collector of the bottom tube was six inches of water greater than that
of the middle and twelve inches of water greater than that of the top
tube.

Figure 59 shows how pressure difference from header to collector
varies with flow for test conditions very close to those used in this
series of tests. The original data for this curve is contained in
Volume 2 of Report PWA-2227 (Figure 23), and was taken for a single
tube installed in the same inlet and exit manifolds.

Total flow rates for two points of interest can now be determined. The
first point is the point of minimum pressure difference between header
and collector for the bottom tube. Figure 59 shows a minimum pres-
sure difference of -1.0 inch at a condensing flow of 0.001 lb/sec. If
this were the case in the bottom tube, then the flow in the middle and
top tubes could be determined by adding the collector head effect to
this pressure difference and would be 0.0032 and 0. 0040 1b/sec re-
spectively. The total flow would then be 0. 0082 lb/sec. This is
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approximately the total flow where the temperature versus flow curve
for the first tube starts to drop (Figure 58).

A similar analysis shows that when no flow occurs in the bottom tube,
the total flow for the other two tubes would be approximately 0. 0075
1b/sec which is also close to the flow value at which the temperature
vs flow curve of the bottom tube starts to drop. Therefore, it can be
concluded that the liquid head in the exit manifold caused the flow
reversal in the bottom tube as flow was decreased.

Transient measurements of pressure in the exit manifold were also
recorded for these tests. Figure 60 shows that the average magni-

tude of pressure oscillation in the exit manifold did not vary greatly
with condensing-flow rate.

PAGE NO. 23



PRATT & WHITNEY AIRCRAFT PWA-2315

V. SUMMARY OF RESULTS

The following section summarizes the main effects observed from the
test results:

A. Glass-~-Tube Configuration

The violent pulsing observed by eye and through pressure transducer
recordings is caused by slugging. A slight uphill slope increased the
frequency of slugging and a slight downhill slope practically eliminated
slugging for the low condensing-flow rates used.

B. Single-Metal-Tube Configuration

The following effects of inclination angle, tube taper, a swirler insert,
and concentric tube inserts on pressure fluctuation were determined
from the single tube tests:

1. Angle of Tube Inclination

In general, pressure fluctuations increased in the single-tube
configurations as the angle of tube inclination increased from 90°
downflow to 90° upflow. The high condensing-flow rate in the
smallest diameter tube tested (0. 180-inch inside diameter) was
an exception to this observation. In this case the pressure fluc-
tuations were a minimum at 0° inclination.

2. Tube Taper

The té.pered tube did not show any large tendency to reduce fluc-
tuations in comparison with the constant-diameter tubes.

3. Swirler Insert

A swirler inserted into the condenser tube reduced the level of
pressure fluctuation with upflow inclinations.

4, Concentric Tube Inserts

A concentric slotted tube inserted in the condensing passage
eliminated fluctuations for considerable periods of time, but
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fluctuations occurred occasionally. A similar tubular insert
without slots also reduced fluctuations, but not as effectively as
the slotted one. :

C. Simulated Shell-Tube Configuration

The two different cooling arrangements showed different effects of
test section orientation and use of orifices in the tube exits, as
follows:

1. Across-Tube Cooling Arrangement

Similar results were obtained for all arrangements tested. The
following are the test arrangements: tube axes horizontal, tubes
stacked in the vertical plane both with and without orifices; tube
axes horizontal, tubes arranged in the horizontal plane both with
and without orifices; a smaller inlet header was also tested with
orifices in tube exits.

However, the results varied with the particular cooling sections
shut off.

a) Sections Nearest Inlet Header - Pressure oscillations in
the exit manifold at an approximate pressure level of 50 psia
reduced from the 2 to 10 psi associated with slugging prior to
shutoff to 0 to 5 psi when the coolant was shut off. No vapor
entered the exit header. Pressure level rose and then decreas-
ed, reflecting a change in the vapor inventory.

b) Middle Sections - Pressure oscillations varied sporadi-
cally between 0 and 10 psi at an approximate pressure level of
50 psia. No vapor entered the exit header. The pressure level
rose and then decreased, reflecting a change in the vapor in-
ventory.

c) Sections Nearest Exit Header - No appreciable changes
occurred. Pressure oscillations were between 4 and 10 psi
at an approximate pressure level of 50 psia. No vapor en-
tered the exit header. These results could be expected since
the last coolant section only subcoolied the condensate and loss
of subcooling has very small effect upon pressure losses.
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2. Parallel-to-Tube Cooling Arrangement

a)

b)

Tube Axes Horizontal, Tubes Stacked in Vertical Plane

1) Without orifices in tube exits - When coolant to the
three sections cooling the middle tube was shut off,
pressure oscillations increased from the 2 to 10 psi
associated with slugging prior to shutoff,to 30 to 35 psi
at a pressure level of 50 psia. Temperature measure-
ments indicated that steam was entering the exit manifold
from the middle tube. Pressure level rose and then
decreased, reflecting a change in the vapor inventory.

When coolant to the three sections cooling the bottom
tube was shut off, the pressure oscillations remained
between 4 and 10 psi. Temperature measurements
indicated that vapor did not enter the exit manifold. The
liquid head in the exit manifold was apparently high
enough to maintain liquid in the bottom tube, but not high
enough for the same result to occur in the middle tube.

2) With orifices in tube exits - When coolant to either

the top or middle tubes was shut off, pressure oscillations
were between 2 and 16 psi. Temperature measurements
indicated that vapor from the uncooled tubes was entering
the exit manifold.

When coolant to the bottom tube was shut off, pressure
oscillations remained between 4 and 10 psi as before
coolant shut off. No vapor entered the exit manifold.

Tube Axes Horizontal, Tubes Arranged in Horizontal Plane

1) Without orifices in tube exits - The coolant to the
middle tube was shut off and the results were similar to
the case mentioned above where the coolant to the middle
tube was shut off,for vertical stacking,without orifices

in the tube exits.
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2) With orifices in tube exits - The coolant to the middle
tube was shut off and the results were similar to the case
mentioned above where the coolant to the middle tube was
shut off,for vertical stacking,with orifices in the tube exits.,

c) Tube Axes Vertical (With Orifices in Tube Exits) - When
the coolant to the middle tube was shut off, pressure oscilla-
tions were between 4 and 10 psi. Temperature measurements
indicated that vapor did not enter the exit manifold. The liquid
head of the condensate from the two cooled tubes was apparently
sufficient to maintain liquid in the uncooled tube. The pres-

sure level rose and then decreased, reflecting a change in the
vapor inventory. '

D. Simulated Condensing-Radiator Configuration

The tests with this configuration indicated that pressure due to liquid
head in the exit manifold can cause backflow. An analysis indicated
that the approximate value of flow rate where backflow in a tube can

occur, can be estimated from the pressure loss versus flow data meas-
ured in single-tube tests.
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VI. CONCLUSIONS

The main conclusions drawn from this study are:

A,

Slugging is likely to occur inside tubes in zereo gravity at high
condensing rates since some slugging did occur in downflow

testing. Tube diameter, tube orientation and condensing flow

rate affect the magnitude of pressure oscillation from slugging.

The large pressure oscillations associated with slugging may

cause structural problems in space powerplants and may cause

pump cavitation. Techniques such as a large pressure drop occurring
between the condenser and the pump may be required to overcome this
problem.

The use of concentric tubular and twisted tape inserts can lower
the pressure oscillations caused by slugging. Additional methods
of reducing or eliminating oscillations should be investigated.

A meteoroid puncture in a radiator segment which is responsible
for cooling an entire condenser can result in violent pressure
oscillations from the uncondensed vapor mixing with subcooled
liquid in other parts of the system. These pressure oscillations
might cause pump cavitation and system failure. The use of ori-
fices in the condensing tube exits can help minimize this effect.
Further investigations are needed to determine effects of magni-
tude of subcooling on this problem.

The use of a segmented condenser in which all of the vapor
passing through is condensed by several radiator loops would not
result in very high pressure oscillations when one of the radiators
is punctured,if adequate cooling capacity for complete condensa-
tion is present.

Large flow maldistributions and even backflow can occur in
condensing radiators when operated under the influence of gravity,
if the radiator is oriented with the exit manifold vertical. This
effect is due to the pressure variation in the exit manifold caused
by the condensed liquid head. The flow maldistribution does not
appear to result in additional pressure oscillations.

More severe slugging might occur in condensers during ground
tests than in space operation. Thus care should be taken to pre-
vent serious damage to the pump and system during such tests on
space powerplants.
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TABLE 9

PWA-2315

Table of Tests For Simulated Shell-Tube Configurations

Orifices
Test Cooling In Cooling Section or
Number Arrangement Orientation Tube Exit Tube Shut Off Header

9.01 Across Tubes Tube Axes No Nearest [nlet Large

9.02 Horizontal, Middle

9.03 Vertical Stack Nearest Exit

9.04 Across Tubes Tube Axes Yes Nearest Inlet Large

9.05 Horizontal, Middle

9.06 Vertical Stack Nearest Exit

9.07 Across Tubes Tube Axes No Nearest Inlet Large

9.08 Horizontal, Middle

9.09 Horizontal Stack Nearest Exit

9.10 Across Tubes Tube Axes Yes Nearest Inlet Large

9.11 Horizontal, Middle

9.12 Horizontal Stack Nearest Exit

9.13 Across Tubes Tube Axes Yes Nearest Inlet Small

9.14 Horizental, Middle

9.15 Horizontal Stack Nearest Exit

9.16. Parallel to Tubes  Tube Axes No Middle Large
Horizontal,

9.17 Vertical Stack Bottom

9.18 Parallel to Tubes Tube Axes Yes Top Large

9.19 Horizontal, Middle

9.20 . Vertical Stack Bottom

9.21 Parallel to Tubes  Tube Axes Yes Middle Large
Horizontal,
Horizontal Stack

9.22 Parallel to Tubes Tube Axes No Middle Large
Horizontal, )
Horizontal Stack

9.23 Parallel to Tubes  Tube Axes Yes Middle Large
Vertical
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TABLE 10 °

Data From Coolant Shutoff Teats on Simulated Shell-Tube Configurations. Test No. Y.vl

THERMOCOUPLE LOCATIONS

Conditions:

Cooling arrangement across tubes

TUBES 2. No orifices
3. Tube axes horizontal, tubes stacked in vertical plane
4. Condensing steam flow rate per tube prior to shutoff = 0.022 1h/sec
5. Cooling flow rate per tube prior to shutoff = 0.81 1b/sec
6. Cooling sections nearest inlet header shut off
7. Large inlet header
Magnitude of Pressure Oscillations
PMean (psi)
ressure .
Time  Level  Inlet  Exit Tube | Tube 2 Tube3 - Mean Temperature Levels (*F)

{seconds} (psig) Manifold Manifold _Exit Exit _ Exit T T2 _Ty T4 Ts Tg T7 Tg Tq Tio I _Ti2
[+ 35.5 8.0 4.5 7.0 13.0 6.0 313 305 304 280 290 203 172 190 114 120 161 100
1.0 36.0 10.0 6.6 10.0 16.0 9.0 275
2.0 38.2 10.5 8.1 10.0 20.0 9.5 313 306 30% 283 294 208 172 194 115 119 157 104

Valve Closed
2.5 315
2.9 204
3.0 49.5 10.0 7.1 11.0 22.0 12.0 320 301 210
3.1 225
3.2 245
3.2 252
3.28 286
3.3 261
4.0 49.0 9.5 1.5 13.5 19.5 12.0 322 312 313 301 311 3 164 199 117 118 150 1CE
4.755 230
4.78 289
4.8 297
4.85 289
4.9 244
5.0 47.0 8.0 4.0 11.0 18.0 10.5 299 224
5,344 231
5.385 286
5.44 243
5.675 238
5.73 296
5.85 235
6.0 46.0 12.0 6.5 10.0 17.0 10.0 315 307 308 296 306 307 182 287 150 118 146 113
7.0 43.8 12.0 1.5 12.0 17.0 10.5 290
8.0 42.9 9.0 6.1 9.0 10.0 7.5 309 302 306 290 299 303 197 283 165 130 175 118
9.0 42.0 6.0 3.5 5.0 7.0 6.0 291
9.5 309
10.0 40.5 5.0 3.2 5.0 7.0 5.0 313 304 306 286 298 299 206 292 171 132 190 122
11.0 39.0 5.0 3.0 3.0 6.0 4.5 286
12.0 37.6 7.5 4.5 6.5 7.5 6.0 315 306 306 283 293 295 206 286 176 145 186 132
13.0 37.0 4.0 2.5 4.1 5.5 2.5
14.0 37.5 7.5 4.2 5.5 8.5 6.0 315 304 305 280 285 293 ‘207 281 172 149 177 128
15.0 36.5 4.0 2.5 3.0 5.0 3.0
16.0 37.0 7.0 4.1 6.0 8.0 5.5 315 315 306 282 295 294 202 284 180 148 175 13¢C
17.0 37.0 5.0 3.1 4.5 4.0 4.5
18.0 35.0 3.0 2.6 4.0 5.0 3.0 315 306 304 279 300 298 213 284 178 147 188 134
19.0 30.0 3.5 2.2 3.0 4.0 3.5
19.1 131
20.0 34.0 3.0 2.8 4.0 3.0 4.0 315 308 305 278 286 298 207 283 173 147 200 i35
21.0 36.0 6.0 3.9 6.0 4.0 4.0
22.0 36.5 5.0 4.1 5.0 5.0 5.0 316 308 307 280 285 300 203 281 163 151 189 130
23.0 35.5 7.0 3.9 4.0 5.0 4.5
24.0 34.5 8.0 4.3 5.0 7.0 5.5 315 306 305 274 281 300 202 275 164 141 175 123
25.0 35.0 6.0 3.6 4.0 6.0 4.0 .
25.6 175
25,7 29% 261
25.8 295
25.9 281 - 130
26.0 27.5 9.5 3.9 2.0 6.0 6.5 312 304 303 266 275 2717 210 270 136 143 185 123
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TABLE 10 (Cont'd.)

Moagnitude of Pressure Oscillations

|

PAGE No. 37

Mean
Pressure {psi) Mean Temperature Levels (°F)
Time Lavel Inlet Exit Tube § Tube 2 Tube )
{seconds) {peig) Manifold Manifold Exit Exit Exit nh " 1Ty N Ts Te T1 Te Te Tio
Valve Reopened -
26.1% 269
26.2 270
26.33 257
26.37 263
26.4 251
26.47 251 263
26.5 253
26.5% 2351
27.0 17.5 6.0 4.3 4.0 6% 5.0 306 245 247 280 183
28.0 21.0 6.0 8.7 4.0 7.0 5.3 307 300 297 248 256 253 179 281 152 133
29.0 230 8.5 6.4 7.0 8.0 6.0 310 258 268
30.0 27.% 9.5 7.3 10.0 11.0 9.9 N2 304 301 268 2712 M 168 184 136 123

m

177

152

Ti2
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TABLE 11

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.02

HERMOCOUPLE LOCATIONS Conditions:

l. Cooling arrangement across tubes

2. No orifices

3. Tube axes horizontal, tubes stacked in vertical plane

4. Condensing steam [low rate per tube prior to shutoff = 0.022 Ib/sec
5

[}

?

. Cooling flow rate per tube prior to shutoff & 0.81 Ib/sec
. Cooling sections shut off - middle
. Large inlet header

Magnitude of Pressure Oscillations
Mean

{psi)
Pressure .
Time  Level fnlet  Exit Tubel Tube2 Tube) Mean Temperature Levels (*F)
(seconds) (psig) Manifoid Manifold Exit Enxit Exit I, I T3 Iy Tq T, T3 Tz Tg T3 Ty Th2
0 36.0 12 6.1 9.5 1% 8.5 32 303 301 276 286 202 170 193 110 123 159 icl
1 6.5 1.5 7.% 12.% 22.1% 10 288 192 169 191 117.3 125 1605 98
2 35.0 7 5.0 8.5 it 7 312 304 301 278 289 2l 1698 18} ile 1225 147 98
Valve Closed
3 37.5 0 1.0 [} [} [/} 295 179 169 208 94 17 158 99
3.% 290
4.0 11.0 0 0 [} [+ [} T 307 288 299.6 1%% 175 291 89 1185 154 96
4.07 289
4.2 180
4.5 189
5.0 11.0 0 [ 0 0 0 299 181 180 285 101 123 167 95
5.2 210
5.3 188
6.0 39.8 [} ] 0 [} 1] 37 306 2875 297.5 180 183 290 1055 1275 207 95
6. 145 194.5
6.175 270
6.89 269
6.9 193
7.C 1.5 0 0.8 [+ [} 0 2975 166 193 2905 105 121 208 95
8.0 390 0 1.0 [ 0 [} 3155 3065 192 286 295 18¢ 211 290 1C75 1225 202 96
9.0 3s. 11 [ 0 [ 0 0 2955 183 22¢ 290 1075 125 198 95
ic.0 38.0 0 0.9 [ 2.5 0 31s 307 192 285 295.5 187 22¢ 289 1105 132 2005 93
10.1 . 2C4
1€¢.13 273
16.17 Ziz
10.3 200
1C.345 245
10.38 227
10,41 269.5
10.45 203
11.6 37.3 0 1.1 0 0 0 295 1925 224 289 115 1395 199 93.5
12,0 37.0 2 1.4 4] 3.5 1 316 3075 200 286 296 1945 226 2895 1195 150 196 95.5
3.0 36.0 3 i.8 4 5.0 2.7 198 295.5 194 229 2895 120 148 2C6 96.5
14.0 36.1 3 2.0 2.9 4.% 2.7 316 307 192 284 295.5 207 230 288 1395 1475 196 103
14.5 1875
14.7% 306
15.0 37.¢6 2.5 1.4 [} 0 -0 296 1925 22% 289 137 141 1975 1¢3
16.0 33.8 3.5 2.49 5 [ 4 315.9 308 3035 286 296 201 241 290 132 1575 193 104.5
17.0 36.0 3 1.9 3 2.5 2.8 294 263 231 287 137 145 189.5 108
18.0 31.¢ 3.5 2.5 4 3.5 3.5 nr 308 306 284 296 183 259 290 125 160 198 110.5
19.0 32,8 3 2.1 3 3.5 2.% 295 192 250 287 134 159 192 1¢3
20.0 34.C 2.5 2.0% 3.5 2.6 3.0 314 3c6 305 280 2905 191 240 284 148 153.5 200 120
21.0 33.C 3 2.0 3 3.8 2.4 294 2675 251 287 147 157 198 114.5
22.0 32.5% 5.3 2.% 4.5 4 3.0 315 306 305 283 293 206 250 286 144 165 196 111
Valve Reopened
23.0 3t.C 4.9 2.5 3.% 3 4.0 29% 197 259 289 128 1635 1975 116
23.52 269
23.98 207
24.0 24.5 4 2.45 2.5 3 3.0 3os 299 296 2605 270 268 222 261 158 165 180 120
24.1 241
25.0 4.5 [ i.8 ¢ 1] 1.28 269 235% 2315 229 146 153 179 115
26.0 27.0 9 6.6 10 9 8 310 3005 299 2645 274 225 225 221 1495 1575 186 112
27.0 3.5 10 7.1 12 9.5 7.8 280 229 202 192 1375 149 172 114
28.0 32.0 12 8.0 10 12.3 9 i 3ot 3ot 271 282 236 179 187 135 146.6 1795 115
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PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 12

Data From Coolant Shutof{ Tests on Simulated Sheil-Tube Configurations. Test No. 9.03

RMOCOUP A Conditions: .- Cooling arrangement across tubes
TUBES 2. No orifices
To__ T T 3. Tube axes horizontal, tubes stacked in vertical plane
4. Condensing steam flow rate per tube prior to shutoff & ¢.022 Ib/sec
NLET oaT 5. Cooling flow rate per tube prior to shutoff = 0, 8] 1b/sec
6. Cooling sections nearest exit header shut off

7. Large inlet header

Magnitude of Pressure Qscillations

Mean R
Pressure. {est) Mean Temperature Levels (°F)

Time Level Inlet Exit Tube ) Tube2 Tube)
{seconds) (psig) Manifold Manifold Exit Exit Exit i lz_ 13_ B_ 12. E,_. Ty Tg ‘_l‘_?_ ILG T1)
.0 35.3 3.7 2.3 4.0 3.5 3.2 3t0 306 304 282 287 197 167 186 109 123 160

1.0 35.8 10.0 6.9 9.0 9.0 7.0

2.0 35,7 8.2 6.0 6.0 12.0 7.0

Valve Closed

3.0 35.3 8.0 5.9 8.0 11.0 7.0 ilo 304 3ot 291} 284 194 160 134 111 126 170

4.9 34.0 8.4 4.9 7.0 7.8 7.0

5.0 34.5 5.6 6.4 9.0 9.0 8.0

6.0 36.0 8.6 5.2 10.0 10.0 7.5 310 304 3oz 294 290 196 169 197 113 127 169

1.0 3.3 8.% 4.0 9.0 8.4 7.5

8.0 35.2 10.0 7.0 7.0 8.0 7.0

9.0 34.5 9.0 5.5 7.0 7.1 7.0 310 304 301 290 290 188 189 197 109 130 178
10.0 35.5 7.8 4.8 7.0 1.0 6.0

11.0 35.1 6.4 4.2 4.8 4.1 4.8

12.0 35.9 8.2 5.0 9.0 9.3 7.0 310 304 301 292 290 194 170 198 113 141 171
13.0 35.9 8.6 5.0 7.0 7.0 7.0

14,0 35.0 6.3 5.0 5.9 6.8 6.1

15.0 35.9 8.1 5.0 7.2 8.1 6.0 310 304 301 281 299 201 169 198 110 138 180
16.0 36.0 10.0 6.0 7.0 8.0 7.0

17.0 35.0 9.0 6.0 7.0 4.1 1.0

18.0 35.5 8.0 6.0 8.0 7.0 7.0 o 304 301 292 290 201 170 195 100 148 172
19.0 35.9 6.0 5.3 6.0 7.5 4.5

20.0 36.2 10.5 6.3 8.0 7.4 8.0

21.0 35,1 5.0 3.8 4.0 4.0 4.0 310 306 303 284 286 191 171 197 111 149 179
22.0 36.8 i0.0 10. 6 6.0 9.0 7.5

23,0 31.0 7.8 5.2 7.0 6.5 8.0

Valve Reopened

24.0 34.5 8.1 5.6 7.% 6.6 5.5 310 304 3oz 280 299 19¢ 169 200 109 149 186
25.0 35,5 8.9 5.7 6.0 10.0 T.0

26.0 33,0 7.0 3.0 5.5 4,8 5.0

27.0 35.0 8.0 5.2 7.0 6.2 1.0 308 304 302 289 290 200 168 198 111 149 182
28.0 36.0 7.7 5.4 7.0 6.5 7.0

29.0 36.0 6.5 4.3 6.0 5.0 4.9

30.0 36.0 8.4 6.4 8.0 9.0 7.0

h
-

310 36 301 290 286 201 16% 188 111 127 161
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PRATT & WHITNEY AIRCRAFT PwWA-2315

TABLE 13

Data From Cool ant Shutoff Tests on Simulated Shell -Tube Configurations. Test No. 9.04

THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement across tubes

- 2. Orifices in tube exits

3. Tube axes horizontal, tubes stacked in vertical plane

4. Condensing steam flow rate per tube prior to shutoff = 0,022 ib/sec
5. Cooling flow rate per tube prior to shutoff ¢ 0.8} lb/sec

6. Cooling sections nearest inlet header shut off

7. Large inlet header

Mean Magnitude of Pressure Oscillations
Pressure {psi)
Time  Level Inlet Exit Tubel Tube2 Tubed . Mean Temperature Levels  °F
(seconds) (psig) Manifold Manifold Exit Exit Exit T, T2 Ty Ty T Te Ty Tg T9 T30 T3 Tj;
[} 33.6 8.3 5.3 3.6 4.9 2.3 293 290 291 298 287 289 141 197.5 144 128 161 119
1.0 32.6 8.0 5.4 4.0 4.7 4.0
2.0 41.0 6.3 4.5 2.9 5.3 4.0 306 302 3cl 307 301 300 137 198.5 144 124 )62 122
Valve Closed
3.0 44.0 8.0 5.6 4.9 9.0 4.7
4.0 42.5 3.8 3.0 4.0 4.9 3.0
4.3 242
4.4 250
4.58 248
4.62 264
4.77 254
4.8 294
5.0 41.5 5.7 3.0 2.0 4.0 2.6 306 303 302 308 302 302 165 261 162 131 163 126
5.05 260
5.1 297
5.14 292
5.2 298
6.0 41.5 0 1.8 0 (] 0
7.0 39.0 ] 1.0 0 10 0
8.0 38.0 [ .5 [} 0 0 302 299 298 304 298 298 185 293 187 128 188 148
3.0 37.0 o .8 0 0 ]
10.0 37.3 0 .8 1.8 0 [}
11.0 35.0 0 .9 1.0 2.0 1.0 299 294 294 300 292 292 197 289 186 i4f 190 150
i2.0 35.8 1.0 1.0 1.5 2.0 1.0
.13.0 35.8 o .6 4] 0 0
14.0 34.5 1.0 1.0 1.0 1.8 1.0 97 292 293 299 290 291 198 289 191 14 188 155
15.0 34.0 /] 1.1 [} ] 0
16.0 35.0 0 1.0 1.0 [} 1.0
17.0 34,0 0 1.2 0 0 [ 299 292 294 299 290 290 202 288 187 143 193 1%%
18.0 33.1 0 .8 0 0 0
19.0 3i3.o [} 1.2 [} 0 0
20.0 34.0 0 1.1 [} 0 0 294 291 293 297 209 289 20% 287 188 141 189 %4
21.0 34.0 0 t.0 Q. L 9 :
22.0 34,0 [} 1.0 0 0 0
23.0 33,5 0 1.1 [ 0 0 294 291 290 297 289 289 211 287 191 144 194 156
24.0 32.8 0 1.2 [} 0 [
Valve Reopened
25.0 21.0 ] 1.3 0 [} [
26.0 19.0 2.9 2.6 1.8 2.6 4.0 267 278 273 266 261 260 189 259 185 151 19% 136
2¢.9 : 241
26.95 259
27.0 19.5 0 2.1 1.9 2.8 2.0
27.1 234
27.3 230
27.34 256
27.4 23¢
28.0 20,8 6.2 4.4 4.4 7.¢ 2.9 84 283 281 269 262 261 162 233 174 13} 177 131
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PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 14

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.05

THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement across tubes
2, Orifices in tube exits
Tuees 3. Tube axes horizontal, tubes stacked in vertical plane
U B P 4. Condensing steam flow rate per tube prior to shutoff = 0,022 Ib/eec
INLET 5. Cooling flow rate per tube prior to shutoff = 0,81 lb/sec

X 6. Cooling sections shut off - middle
7. Large inlet header

Magnitude of Pressure Osciilations

Mean (psi)
Pressure .

Time Level Inlet Exit Tube | Tube 2 Tube 3 Mean Temperature Levels {*F)

_(seconds) !g-in Manifold Manifold Exit Exit Exit T) T2 _T3y _ T4 Ts T¢ T7 T3 T9 Tio .T13 Ti2
0 33.0 6.5 5.1 6.0 5.3 4.0 291 287 289 294 288 287 141 197 145 122 164 121
1.0 33.0 6.9 4.7 7.0 4.0 4.0
2.0 32.5 3.0 2.1 2.4 3.0 2.2

Valve Closed
3.0 34.5 5.0 2.2 6.5 3.0 11.0 297 292 295 299 292 291 140 202 139 122157 122
4.0 36.6 8.4 1.0 4.3 3.0 5.0
5.0 37.0 7.1 0.4 6.1 3.1 4.0 300 296 296 301 295 294 149 272 145 121 156 123
6.0 36.5 7.0 0.7 5.1 3.0 4.0
7.0 37.0 5.4 0.3 4.0 31 3.8
8.0 36.8 3.0 1.7 4.0 2.0 3.0 300 296 297 301 295 295 172 290 174 124 198 126
9.0 36.8 3.9 1.8 2.8 2.6 3.0
10.0 36.5 3.6 1.4 3.0 2.9 3.1
11.0 36, 31 1.0 2.5 1.8 2.6 298 293 294 300 292 292 18l 289 191 132 197 133
12.0 35.0 4.3 2.1 2.0 2.9 3.1
13.0 36.0 5.0 2.4 3.0 3.5 3.9
14.0 36.5 3.0 2.1 2.2 3.0 2.5 299 293 294 300 294 294 200 289 208 148 199 150
15.0 36.0 2.9 1.8 2.1 3.0 2.9
16.0 34.8 2.9 1.5 2.9 2.9 3.1
17.0 36.0 3.0 3.0 2.2 4.3 2.6 298 293 295 301 294 291 217 289 219 155 196 147
18.0 35,5 6.2 3.0 2.7 5.0 3.9
19.0 33.5 4.0 2.0 3.0 3.0
20.0 36.5 4.1 2.5 2.0 .2 2t 298 294 294 300 293 293 230 290 224 148 194 163
21.0 36,0 5.9 2.0 4.0 2.9 3.5
22.0 36.0 3.9 3. i.9 3.0 2.6
23.0 33.8 3.4 1.6 1.8 3.9 2.2 29¢ 291 292 297 290 290 247 287 228 167 19% 159
24.0 33,0 4.0 2.0 2.0 3.0 2.4 :

Valve Reopened
25.0 27.2 6.0 2.5 7.4 3.2 3.9
25.54 267
25.73 273
25,77 252
26.0 26,5 3.9 2.3 2.6 1.7 2.7 281 218 278 281 275 273 225 231 223 164 191 161
26.52 145
26.8 150
27.0 26.5 10.0 6.0 5.8 4.7 4.1
27.2 158
27.31 169
27.54 160
27.83 175
28.0 26.5 5.8 4.0 4.6 6.8 5.0
28.5 165
28.66 152
29.0 27.0 8.9 5.8 5.9 4.0 4.4 280 285 284 282 278 272 169 94 161 164 186 160
29.1 . 166
30.0 28.0 7.8 5.0 4.8 6.5 4.1
31,0 29,0 6.0 5.0 3.0 4.9 3.4
32.0 30.0 7.6 5.0 4.9 7.1 41 289 286 289 290 28B4 282 143 i9¢ 143 145 168 139
33.0 31.0 3.8 2.1 2.6 2.0 1.8
34.0 32.0 0 1.1 31 .o 2.3 292 288 291 293 287 287 142 206 137 125 160 129
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TABLE 15

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.06

THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement across tubes
TUBES 2, Orifices in tube exits
(3K RS 3. Tube axes horizontal, tubes stacked in vertical plane
4. Condensing steam flow rate per tube priuvr 1o shutoff @ 0.022 1b/sec
$. Cooling {low rate per tube prior to shutoff = C.81 lb/sec
INET i 6. Cooling section nearest exit shut off
7. Large inlet header
Mean Magnitude of Pressure Oscillations
Pressure {psi) Mean Temperature Levels { °F)
Time Level Inlet Exit Tubel Tube2 Tube3l
(secondd (psig) Manifold Manifold Exit Exit E xit I T3 T3 T4 Ts Tp T7 Ty Tg Ty0 T T2
[ 33.0 2.8 2.3 4.2 1.9 2.1 292 290 290 296 289 289 139 201 140 122 150 122
1.0 33.0 2.0 1.8 0 0 1.0
2.0 32.0 2.1 1.6 3.1 1.6 2.3
Valve Closed
J.o0 330 2.3 2.5 2.7 2.2 2.8 292 288 290 295 298 288 139 201 140 129 161 120
4.0 33.0 2.0 1.6 1.9 2.9 2.1
5.0 33.0 [] 1.3 0 [ 1.2
6.0 33.0 6.4 3.2 2.7 3.9 4.6 292 289 290 296 289 287 138 202 143 128 170 119
7.0 32.8 3.4 1.9 1.3 3.9 2.9
8.0 32.8 3.0 3.1 2.0 1.5 2.1
9.0 33.0 3.1 2.9 4.6 2.0 3.0 292 289 290 294 289 288 138 202 138 138 171 125
10.0 32.8 1.6 1.5 0 2.3 1.6
1.0 3.4 6.0 3.0 2.1 3.4 3.6
12.0 2.0 6.0 4,2 6.0 6.2 1.9 90 28 289 194 288 200 140 199 142 145 iT8 138
13.0 33.0 6.8 4.8 5.4 4.8 3.1
4.0 33. o0 4.2 1.9 2.0 2.7 2.4
15.0 31.5 6.0 4.4 2.4 5.3 2.8 290 286 287 291 284 283 144 195 142 147 179 130
16.0 3.5 7.1 4.4 L 6.0 3.9
17.¢ 32.0 7.2 5.% 4.3 4.4 3.5
18.0 32.5 3.8 2.4 2.2 2.0 2.8 290 287 289 293 290 279 141 200 142 146 177 138
19.0 34.0 3.0 1.3 2.0 1.9 2.5
20.0 34.0 4.2 2.4 2.5 2.4 2.1
21.0 32.% 3.3 2.9 z.8 1.9 3.0 290 287 289 293 287 284 138 200 142 150 181 13%
22.0 32.5 6.8 4.3 4.0 3.8 4.0
23.0 33.0 4.9 2.% 1.5 2.5 2.9
24.0 33.5 2.0 0.8 1.0 0.9 1.2 292 290 291 296 289 289 139 200 139 152 186 138
Valve Reopened
25.0 32.8 2.6 2.3 2.0 1.% 2.0
26.0 32.0 6.C 4.0 4.0 8.0 3.5
27.0 31.0 6.0 4.3 4.0 7.0 4.0 288 280 285 290 277 281 137 198 137 155 183 13%
28.0 3.5 8.4 5.6 5.0 7.2 5.0
29.0 3.9 7.0 4.0 6.9 4.0 4.5
30.0 34.0 7.8 7.2 4.6 3.4 3.3
31.0 33.0 6.4 2.7 2.3 3.0 4.2 92 290 290 297 289 282 134 190 136 138 150 124
2.0 33.0 10.5% 5.8 6.% 10.0 6.0
33.0 33.1 7.0 3.9 5.0 7.0 4.0
34.0 33.0 5.0 2.7 2.0 3.0 3 292 290 290 297 289 285 135 192 140 128 158 118
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TABLE 10

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. TestNo. 9.07

THERMOCOUPLE {OCATIONS Conditions: I. Cooling arrangement across tubes
TUBES 2. No orifices
d I AR 3. Tube axes horizontal, tubes stacked in horizontal plane

4. Condeénsing steam flow rate per tube prior to shutoff = 0,021 1b/sec
$. Cooling flow rate per tube prior to shutoff = 0.8 Ib/sec

v &, Cooling sections shut off = nearest inlet header
7. Large inlet header

Magnitude of Pressure Oscillations
Mean

{psi) Mean Temperature Levels - *°F

Pressure -
Time Level Inlet Exit Tube | Tube 2 Tube 3
{seconds) (psig)  Manifold Manifold Exit Exit Exit T, T, T, Ty T _16_ T, Ts Tg Tio Tii T2
0 40.5 10 6.7 11.0 6.0 9.5 309 303 303 296 293 246 - I7T 196 135 124 153 100
1.0 40.4 10.5 6.0 3.0 4.5 9.8
2.0 42.5 12.s 7.9 11,5 8.0 12.0 309 302 302 301 297 245 179 194 137 123 162 98
Valve Closed
2.25 250
2,29 287
2,38 266
2.50 264
2.55 306
2.70 3l
3.0 52.8 13.0 8.1 13.0 14,0 12.5
33 sas 12.0 8.2 135 9.0 11.0 325 318 M7 37 M4 s 182 298 142 126 157 120
4.075 229
4.1 294
4.12% 303
4.15 ' 291
4.163 : 270
4.265 238
4.895 246
4.935 ) 298
4.965 293
5.0 52.3 12.0 7.9 “12.0  10.0 11.5 266 151
5.115 263
5.17 304
5.65 167
6.0 51.0 2.0 2.5 3.0 1.0 1.0 321 310 312 314 310 312 195 304 144 120 158 116
7.0 49.0 2.0 0.3 3.0 1.0 1.0 213
8.0 47.1 2.0 0.4 2.0 1.9 1§ me 30 306 306 304 305 218 297 181 129 190 115
8.7 2.0 2.0 1. . 145
9.0 45.7 2.0 . 2.0 1.8 }.g 223
3:1s 58 29 19 1o 2i4 134
9.6 2.0 2.0 1.0 1.0 200
10.0 46.3 2.0 0 2.0 1.0 1.0 312 302 301 303 299 301 224 294 182 143 190 113
11.0 44.5 2.0 0 2.0 1.0 1.0 216
11.5 2.0 2.0 1.0 : 226
12,0 42,5 2.0 ( 2.0 3,0 1,0 306 299 300 301 297 300 218 290 181 149 197  1l¢
13.0 42,0 2.0 1.0 2.0 3.0 1.0
14,0 41.2 2.0 1.0 2.0 3,0 1,0 300 300 302 297 294 296 221 287 183 151 185 119
14.93 2.0 2.0 3.0 1.0 137
15.0 43.0 2.0 1.5 2.0 3.0 1.0 217
15.05 2.0 2.0 3.0 1.0 196
15.4 2.0 2.0 3.0 1.0 214
15.5 2.0 2.0 3.0 1.0 186
16.0 41.3 2.0 1.5 2.0 3.0 1.0 306 303 302 298 294 296 219 290 187 154 189  1i3
17.0 39.0 2.0 1.5 2.0 3.0 1.0 179
17.02 2.0 2.0 3.0 1.0 178 -
17.06 2.0 2.0 3.0 1.0 154
17,185 2.0 2.0 3.0 1.0 161
17.6 2.0 2.0 3.0 1.0 175
18.0 41.0 2.0 1.0 2.0 3.0 1.0 312 304 303 296 293 295 220 287 174 149 183 118
19.0 42.0 2.0 1.0 2.0 3.0 2.0 . 198 198
20.0 42.0 2.0 1.5 2.0 3.0 2.0 31 304 303 299 296 297 218 289 174 150 188 117
21,0 39.3 2.0 1.0 2.0 3.0 2.0
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PRATT & WHITNEY AIRCRAFT PwWA-2315

TABLE 16 (Cont'd.)

M Magnitude of Pressure Oscillations
Pu:::n {pei) Mean Temperature Levels (°F)

Time Level Inlet Exit Tube 1} Tube 2 Tube 3
{seconds) (psig) ~ Manifold Manifold Exit Exit  Exit T) T I3 T4 _'_'i Té _Zl T8 T Tio Tii Ti2

21. 2%

21.8

21.9

22.0 40.5
22.2

22. 6

23.0 42.3
24.0 42.5
25.0 42.5
26,0 40.7
26.8

27.0 41.4
27.37

27.6

33:4s

27.83

27.9

28.0 41,0
28.1

29.0  41.0

Valve Reopened

29.28 173

29. 34 179

29.4 168 196
29. 46 274

29.52 275

29.58 27 190
29.59 233

29.6 275 273 266

29. 65 222 155
29.67 257

29. 695 . 265

29.7 271 217 275 272 173 161
29.75 156

29.8 269 230 260

29.82 266

29.9 . 269 270 219 264

29.95 208 257 145

30.0 24.8 8.0 3.9 6.0 7.0 5.5  30) 294 292 264 252 263 205 245 160 145 168 120
30.06 263

30.08 259

30. 1 262

30.17 252

30.2 256

30.3 264 198 182

30, 31 262

30. 33 167

30. 35 187

30.4 256 10
30.43 252

30.5 287 261 121
30.52 . 256

30. 6 254 251

30.7

30. 71 260

30.8

30.82 252

30.9 263

30.93 . 261

3.0 23.3 7.0 5.0 4.0 5.0 5.5 281 261 257 248 168

173

.
by
.

112
194 io4
310 303 302 297 292 298 216 286 191 150 190 105
195 119
183
. 192
31 304 303 300 295 300 213 289 180 148 184 117

.
.

CO0OO0O0OOOOO0OO0O0OO0DO0OOOOODOOO
.

.

NNNNNNNNNDN
OO0 O0O0O0OO0COOCO

310 303 302 297 293 299 217 287 179 146 193 115
226

»
.
w

217

156

188

NNNNNNNNNNPNNNNNNNNNN
0000000V O0OO0OOOO0OO0O0OOOOOS

231

et
.

129

175 114

2.0 310 303 302 296 292 299 222 288 181 150 179 i4
144
2.0 300 210 289 179 143

UUUUUUWUUU?UUUUWUUUVU
OCO0ODO0OO0OCODO0OOOODO0OO0OO0OO0O0COOOO

\-

PAGE No. 44



PRATT & WHITNEY AIRCRAFT

Time

31.06
3.1
3.2
33
3.4
31,8
3.6
.7
3.8
3.9
32.0
2.2
32.%
32.6
33.0
.0
34, 48
34,63
34. 67
34.8
34.9
35.0
35.1
3.0
36.2
36, 38
36. 6
37.0
3.7
38,0
38. 4
9.0

Mean
Pressure

Lavel

25.9

2193

0.7

32.9%

3.5

e
8.1

38.9

TABLE 16 (Cont'd,)

Magnitude of Pressure Oscillations

{pet)

Mean Temperature Levels (*F)

Inlet

8.3

10.5
10.0

Exit

2.0
30

4.7

s.8

5.6
6.5
6.3

4.0

7.0

6.0

6.9

3.0

8.0

10.0
16,0

17.0

Tube | Tube 2 Tube 3
{seconds) {peig]  Manifold Manifold [Exit  Exit Exit

3.5

2.0

7.0

1.0
8.0

1.0

L1}

299

304

306

32

PAGE NO.

2

282

286
290

294
29%

297

Y6

45

T3

291

295

297

297

I

258
252
258
261
260
2%9
264
259
265
263

266

271
273

272
280
276
281
282
284

293

I

258

273

285

290

Jé

254

261

260

2

290

PWA-2315

o

183

173

178

Ts

198

191

Ty

162

154

120

Tio

132

127

Til

170

164

170
165
188
i75

161
167

164

T2

120
125

113
120
106
116
104

i19

115

111
i23
103



PRATT & WHITNEY AIRCRAFT

TABLE 17

PWA-2315

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.0E

Conditions:

Magnitude of Pressure Oscillations

Pressure (pei)
Time Level Inlet Exit Tube | Tube 2 Tube 3
{seconds) ]glin Manifold Manifold Exit Exit Exit
0 40.0 1.0 7.5 11.0 11.0 10,0
I 41.0 9.5 5.5 8.5 13.0 8.5
1.78
2.0 9.0 1.8 1.6 10.0 12,8 12.0
Vaive closed
2.3
2.3%
2.37
2.43
2,568
2.7
3.0 42.9 3.0 0 7.0 4.9 3.5
4.9 43,0 7.0 30 19.0 6,1 6,0
5.0 43.% 5.% 2.0 14.0 .9 4.9
6.0 43,0 5.5 2.8 12.0 6.9 6.0
7.0 42.6 5.0 3.1 12,7 5.5 6.0
8.0 44.0 4.9 30 15.0 6.0 6.1
9.0 42. 6 6.5 3.6 12.6 7.1 6.0
10.0 43.3 3.0 2.0 5.1 2.% 3.5
11.0 44.0 4.0 3.5 9.5 4.9 s
12.0 43.3 9.5 7.0 12.0 10.0 9.5
12,23
12.3
13.0 43,1 2,5 1.0 30 2.8 2,.5%
14.0 43.2 3.0 1.0 3.0 3.0 3.5
15.0 43.3 o 1.0 2.5 1.5 3.0
16,0 43,8 [} 1.0 4.0 0 0
17.0 44.0 0 2.5 2.5 2.3 2.0
18.0 46.0 0 1.5 3.0 [ [}
19.0 45. 6 ] 2.5 2.8 1] [1]
19.25
19. 35
19, 65
19, 85
19.9
20.0 LY ) 5.V .5 o,V 6.5 5.0
20,1
20,2
20.3
20.4
20.%
20.8
21.0 41. 4 8.0 7.0 6.0 7.3 55
22.0 42.5 o 0 0 [} 0
23.0 42.5 0 1.0 0 L] 0
24.0 40.0 8.0 4.3 5.0 .0 5.0
25.0 40.0 10.0 5.0 10.0 8.9 1.5
26.0 40.0 10. 4 5.0 10,0 10,5 8.5
27.0 40. 18 7.0 3.6 7.0 7.7 s.11
28.0 40.5 5.0 2.4 4.0 7.3 4.5
25.0 4i.0 8.0 3.0 4.0 8.0 6.5
30.0 40. 7 8.5 4.5 [ 8.0 6.5

1. Cooling arrangement across tubes

2. No orifices
3.  Tube axes horisontal, tubes stacked in horisontal plane

4. Condensing steam flow rate per tube prior to shuteff = 0.021 Ib/sec,

5. Cooling flow rate per tube prior to shutoff = 0,81 1b/sec.
6. Cooling sections shut off - middle

7. Large inlet header

Mean Temperature Levels {°F)

I T
300 3009
JoOLS 2975
108 299
310 299
30725 2995
309 298
3055 298
308 299
30%5 299
311 301
v 9>

T3

291

295

3008
3oas
301
300

300
300

300

303

292

307.5 295.5 299

299.5% 290.5 291

300.5 294.5 293

300 299

291

301 299. 5 296
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I I
298 294
293 294
300 300
3oas 300
300 300
300 299
299 299.5
300 300
301 29%.5
303 301

97 296

299.5 298
293 292
291 293
294 292
295.5 29%

Té
281

290
253

236
240
197
196
198
223
218
2is
294
299
300
290

300
267

265
294

298

270.2
296

298

290
290

294

T?

178

189
214
232

240

218
240

253

270

258
243
260. 1
217
257.5
254
243
248

262

Ts

196

204
21
223
262
238
240
2895
291
2908
292
290

290

2945
291

295

288

290
285
286
285

289

Te

138

134

128
116
124
140

148

171
170

180

177

179
212
206
215

213

Tio Til Ti2

126

130

127

127.5

1498

1375

15%

150

163

167

149.5
155
160
155

169

157 107
160 10%$
161 103
188 89
196 86
190 92
190 1025
197 104
200 106
201 109
201

113.5
206
151
180
189 123
201
1950 124
186 122.5%
187.5 124
182 130



PRATT & WHITNEY AIRCRAFT ' PWA22315

TABLE 17 (Cont'd.)

Magnitude of Pressure Oscillations

\ean
Prcesure —{pst) Mean Temperature Levels {°F)
Time Level Inlet Exit Tube } Tube 2 Tube ¥

{geconds) psig)  Maniiold Manifold [Exit = Exit  _Exit L. " Iy T Ts T T? T8 T9 Tio Tl Ti12
Valve Reopened

30.6 251

3.0 29.0 7.8 4.7 7.3 7.0 6.0 261.%

32.0 29.0 7.3 4.1 6.0 7.5 S.% 297.% 2714 277 273.8 273 270 250 237 201 156 169 135
33.0 3.0 8.0 4.9 10.5 12.5 8.0

4.0 335 12.3 6.4 10.5 13.5 10.0 00 289 288 279 280 277 190 198 154 150.5 169 147.5%
35.0 4.8 1.0 6.1 11,0 13.5% 10.5

36.0 36.8 10.3 6.7 150 17.5 10.0 308 294 293.% 287.5 287.5 283 172 187 141 152 165 139
37.0 3.8 1.0 6.6 1.9 17.3 10.0

38.0 3.1 8.0 s.3 9.9 11.2% 8.9 306 9% 297 290 290 200 170 188 133 149 159 127
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PRATT & WHITNEY AIRCRAPT

Data From Coolant Shutoff Teste

THEAMOCOUPLE LOCATIONS Conditions: 1.
2.
3.
4.
5.
6.
7.

Magnitude of Pressure Oscillations

PWA-2315

TABLE 18
on Simulated Shell- Tube Configurations. Test No. 9.09

Cooling arrangement across tubes

No orifices

Tube axes horizontal, tubes stacked in horizontal plane

Condensing steam flow rate per tube prior to shutoff = 0.021 1b/eec
Cooling flow rate per tube prior to shutoff = 0.81 1b/sec

Cooling sections shut off - nearest exit header

Large inlet header

Pr)c‘:::ro {pet) Mean Temperature Levels (°F)
Time Level Inlet Exit. Tube | Tube 2 Tube 3
{seconds) (peig) ~Mantfold Manifold Exit Exit Exit Y1 R Ty T Ts T¢ Tr To Ty Tio
0 42.0 9.0 6.4 9.0 13.0 12.0 303 298 299 294 289 293 168 193 133 125
1 40.0 1.5 7.0 9.0 10.0 8.5
2 40.9% 10. % 8.0 5.0 15.0 11.0 304 298 297 293 289 29) 176 193 125 124
Valve Closed
3 4.0 11.0 6.8 9.0 11.5% 7.0
L4 41.5 9.0 5. 6 8.0 13.0 9.0 304 297 298 294 291 292 173 187 132 125
S 41.0 7.0 1.7 8.0 10.5 7.5
6 40.0 6.0 7.5 7.0 10.0 7.0 304 298 299 297 292 294 173 196 127 128
7 40.5% 7.0 5.7 7.0 14,0 1.0
] 40.5% 8.0 5.4 6.0 12.0 8.0 304 298 299 298 28% 293 173 197 127 134
9 4.5 8.0 6.0 9.0 14.0 8.0
10 40.9% 8.0 5.0 8.0 11.0 1.5 302 298 297 293 290 290 176 194 132 139
11 40.7 9.0 6.9 10.0 12.0 1.5
12 40.5 8.0 6.2 8.0 10.0 6.0 305 298 299 296 293 291 1719 198 143 138
13 40.% 9.0 6.0 9.0 12.0 7.5
40.0 5.0 7.6 6.0 8.5 s.0 306 297 297 294 290 289 171 196 137 145
288
266
14,9 264
15 40.5% 9.0 1.0 10.0 13.0 8.5 291
16 40.5 5.0 5.2 6.0 10.0 6.0 3104 298 297 29% 291 293 174 193 13% 142
17 40,7 12.0 6.6 11.0 13.0 1.0
i8 40.5% 7.0 6.1 8.0 10.0 6.5 304 299 298 298 292 292 179 192 133 143
19 39.9 9.0 6.1 8.0 13.0 8.7
19.95% 288
20 39.9 7.5 6.0 9,0 9.0 7.0 304 298 298 298 290 267 180 196 138 148
20.09 260
20.1% 288
21 40.7 11.0 1.2 10.0 12.0 9.0
22 40.5% 8.0 6.4 8.0 10.0 6.5 304 299 300 29% 294 290 174 183 139 144
23 40.5% 9.5% 6.5 11.0 9.0 8.0
24 40.5 12.0 6.9 10.0 8.0 7.0 306 299 299 296 291 293 179 193 128 148
2S 40.5 8.0 5.2 8.0 12.0 6.5 '
20 40,6 9.0 7.6 11.0 16.0 11.0 306 298 299 295 289 280 175 198 134 146
27 40.6 12,0 6.0 9.0 14.0 8.5
28 40.8 10.0 5.7 6,0 10.0 5.5 307 299 298 297 29¢ 295 175 195 130 142
27 40.8 11.0 5.5 10.0 13,0 9.0
30 40.8 10.5 6.2 9.0 11.0 8.0 306 298 297 294 287 M 179 194 137 16
Valve Reopened
3 40.0 11.0 6.9 9.0 11.0 7.0
32 39.3 10.0 6.1 6.0 11.0 8.5 305 297 296 290 286 287 179 194 123 145
33 40,3 10.% 5.8 8.0 11.0 7.0
34 9.1 10.0 6.4 10.0 12.0 8.0
38 40.5 10. 5 6.0 7.0 10,0 7.0 306 297 299 294 291 293 174 196 134 137

——
E L
o .
- ~
o w
. .
o .
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Til

155%

154

155
166
172

173

175

176

175

178

177

182

180

159

T2
98

98

101
114
114
115
120

119

116

121
12%
122
127
130

125

131
125

119



PRATT & WHITNEY AIRCRAFT PWA-2315

TARLE 19

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9. 10

THERMOGCOUPLE LOCATIONS Conditions: 1. Cooling arrangen.ent across tubes
TUBES 2. Orifices in tube exits

3. Tube axes horisontalstubes stacked in horisontal plane
4. Condensing steam flow rate per tube prior to shutoff = 0,02} 1b/sev
INLET 5. Cooling flow rate per tube prior to shutoff ~ 0.81 lb/sec
v 6. Cooling sections nearest inlet header shut off
7. Large inlet header

Magnitude of Pressure Oscillations

Mean
{pei)
Pressure Mean Temperature Levels ( °F)

Time Level Inlet Exit  Tube } Tube 2 Tube 3 pe

{seconds) (psig) Manifold Manifold Exit Exit  Exit S ¥ T3 Ty Ts T4 T Tg T9 Ti0 Ty Ti2
[ 39.7 7.5 4.2 4.5 8.0 6.5 298 299.5 298 293 292.5 290.5 189 141 122.5 158 111.%
1.0 39.7 5.1 3.4 5.0 8.0 5.0
2.0 50.5 1.5 5.7 9.6 18.5 6.5 320 309 312 310.5 310 310, 190 202 143 127.% 160 100
Valve Closed
3.0 52.4 9.5 5.9% 9.6 19.0 7.0 214
3.718 239
3.17 298
3.83 272
4.0 56.0 5.0 3.5 5.6 7.0 4.0 R22.5311.% 314 313 312.% 312 198 253  152.5 137 160 115
4.04 290
4.24 303
4.313 270
4.4 303
5.0 51,8 2.% 0.9 2.8 3.2 2.3
6.0 49.4 2.8 1.1 0 3.0 1.5 319 308 310 309.% 308.9% 309 211 300 189 140 168 120
7.0 58.4 0 0.45 0 1.6 0
8.0 41.5 [} 0.80 0 1.0 1.% 314 304 307 307 304.5 305 220 298 192 152 197 11¢
9.0 46.7 [} 0.75% 0 [ 0
i0.0 46.0 0 0.6 [} 0 0 310.5 301 304 303 301.5 302 240 295 204 160 203 123
11.0 44.0 0 .38 0- 2.3 [
12.0 43,3 ] 1] 0 2.% 0 308 299 306 300 299 299.5 249.5 291 205 1€4.5 192.5129
13.0 42.4 0 0 0 0 [
14.0 42.4 0 [ 0 [} [} 306 297 299 299 296 297.5 283 290 204 173 202 131
15.0 42.0 2.0 0 0 2.5 0
16.0 41.5 2.3 0.95 0 2.7 [/} 304 296 297 296 293 294 289 289 204 175 195 130.5
17.0 41.7 2.3 0.7 0 2.5 1.25%
18.0 41.0 2.6 1.3 1.8 3.1 1.4 303 295 295 295 293 293 287.5 288 203 170 94 131
19.0 40.0 3.0 2.0 2.5 4.5 2.5 291 290
Valve Reopened
20.0 23.0 2.5 1.95% 1.8 2.3 1.5 295 287.5 288 260 259 255 250 253 194 164 181 133
21.0 24.9 6.0 3.6 5.3 5.0 4.0
22.0 23.9 4.0 2.2 2.8 3.0 4.0 296 284 288 263 260 259.% 222 248 180 149 174.5130.5
23.0 27.3 5.0 4.1 4.6 6.125 4.0
24.0 29.0 7.0 3.7% 4.9 8.1 4.9 99 283 290 273 273 270 178 216 148 139 168 129
25.0 32.0 7.0 4.1 5.0 7.2 3.93 300 290 292 301 279.5 278 168 199 143 142 174 128
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PRATT & WHITNEY AIRCRAFT

Mean
Pressure

Time Level

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations.

THERMOCOUPLE LOCATIONS

Conditions:

Magnitude of Pressure Oscillations

Tube | Tube 2 Tube )

{seconds) {psig)
) 36. 2
1 36.9
2 36.0
Valve cicted
3 39.8
4 39.9
5 40.3
[ 3.8
6.07%

6.15%

6.2

6.27

6.29

6.5

6. 6

1 40,1

8 39.6

9 40,0
10 39.2
11 9.2
12 39.5%
13 39.2
14 9.4
15 39,35
16 9.0
17 38.0
18 38.93
19 38.3
20 38.6
21 36.6
22 37,1
23 37.%
24 3.2
25 36,78
26 36.9
27 38.0
23 38.2
29 37.0
30 36,0
30.5

30.6

30.7
3i 2.0
31.1

31,18
3.3
31.49
31.52%
3.6
32 25.9%
Valve Reopened
33 26.5
34 21.%
35 9.0

_{pet)
Inlet Exit
Manifold Manifold Exit
8.0 3.1 2.9
4.0 3.4 4.5
5.0 35 5.0
3.0 3.4 3.0
3.0 2.3 2.0
1.0 1.0 1.9
0 .7 .9

Pl A DA AR - Y
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2.3

3.5

4.8
4.0
4.7

- S o o w g B S e em e me
.
NP R PP PAPNL AN NDOOHVNOOOW

2.2

Exit__Exit
7.5 3.0
12.0 4.0
7.5 4.0
6.5 2.4
2% o
2.0 2.2
.5 2.0
s 2.0
2.0 1.9
2.0 1.9
2.0 1.9
2.2 2.0
2.0 1.9
24 2.0
2.4 2.0
2.2 2.0
2.0 2.0
2.2 LS
2.4 1.0
2.4 1.2
2.4 LS
2.4 1.8
2.5 1.8
2.8 1.7
.0 2.0
30 2.0
2.7 20
%5 2.0
L0 2.2
35 2.4
.0 2.5
2.5 2.5
65 4.0
9.0 5.8
10,0 4.0
1.3 4.4

TABLE 20

1. Cooling arrangement acrose tubes

Test No.

PWA-2315

9.11

2. Orifices in tube exits
3, Tube axes horizontal, tubes stacked in horizontal plane
4. Condensing steam (low rate per tube prior to shutoff = 0.021 ib/sec
8, Cooling flow rate per tube prior to shutoff » 0.81 1b/sec
6. Cooling sections shut off - middle
7. Large inlet header
Mean Temperature Levels (°F)
n T Ty ™ Ty Te Tr Ta T9 Tio T T2
296 290 291 292 287 286 189 196 141 121 158 101
299 290.5 292 295.% 290 290 188 195 144 130 159 1138
304 298 297 300 296 297 187.% 209 141 131 5% 101
304 398 297.5 301 298 298 210 282 148 131 170.5 99
284
288
281
282
280
288
21
291
304.7 298 298 302 298 298 232 292 179 130,5 197 99
304 298 299 302 295 297 230 292 199 155 195 114
303 296 297 300 298 294 239 290 204 155 191 tai
303 29% 296 300 295 294 241 290 Z2io 154 i96 14
303 294.5 296 300 295 294 248 290 214 161 200 131
299 292 293 297 290 291  249.% 237 225 160 20l 133
303 294 293 299 294 293 243 290 230 152 oo 132
299 291 292 296 290 289  2%¢ 286 234 150 191 142
281
272
2717
283 280 281 282 27 27% 247 274 235 160 194 158
273
261
273
261
269
242
291 283 272.5 276 271 267 231 21T 201 164 187 145
297 289 290! 282 2% 274 i50.5 is2 i35 i59 i8i i3
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PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 21

Data From Coolant Shutoff Tests on Simulated Shell- Tube Configurations. Test No. 9.12

THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement across tubes

m——

2. Orifices in tube exits

3. Tube axes horizontal, tubes stached in horizontal plane

4, Condenuing steam flow rate por tuhe prier 10 shutelf ='0,031 I1b/see
8. Cooling flow rate per tube prior to shutoff » 0.81 lb/esec

6. Cooling sections nearest exit header shut off

7. Large inlet header

Magnitude of Pressure Oscillations

Mcan
Pressure _{psi) Mean Temperature Levels { °F)

Time Level Inlet Exit Tube ] Tube2 Tube)

{seconds} (peig) Manifold Manifold Exit Exit Exit Ty T2 T3 T4 TS Te T1 T3 T9 Tic Tjh Ti2
0 36.4 5.9 4.9 7.0 5.3 4.0 293 283 289 292 280 285 189 180 144 126 158 102
i.C 36.3 8.5 6.0 4.0 i4.0 6.0
2.0 35.)3 2.6 4.0 8.0 6.0 4.0 294 285 290 292 286 287 189 195 142 130 158 112
Valve Closed
3.0 35.9 7.2 5.0 4.5 1.2 4.5
4.0 35.8 6.C 4.7 4.0 1.0 4.0 299 290 2905 294 289 288 189 188 141 129 155 167
5.0 36.0 1.9 4.3 2.9 1.0 3.5
6.0 35.9 4.2 3.6 1.9 6.0 3.0 298 291 2905 294 29C 288 187 187 14C 132 161 i
7.0 35.4 6.0 3.4 3.0 5.2 3.5
8.0 35.6 10.0 5.0 6.2 7.8 4.0 296 289 290 292 288 286 191 189 145 138 167 110
9.0 36.1 6.3 4.3 6.0 6.0 4.0
10.0 35.7 8.0 6.0 5.0 6.0 3.5 295 289 290 292 289 285 186 198 143 141 169 116
11.0 35.8 5.0 4.0 3.0 5.6 3.4
12.0 35.9% 6.5 4.9 4.0 6.0 4.4 297 289 29} 294 289 287 189 198 143 147 171 121
13.0 35.6 6.3 3.8 4.0 6.7 1.6
14.0 36.0 7.0 4.7 4.1 6.8 4.8 298 290 292 295 290 289 187 198 142 146 177 132
15.0 35.9 7.6 4.3 4.0 8.9 4.5
16.0 35.4 4.6 3.8 3.1 6.0 3.0 297 289 290 294 288 288 189 197 145 146 179 122
17.0 35.7 7.1 4.8 6.0 9.0 5.6
18.0 6.2 6.2 4.0 4.0 9.0 5.0 298 291 292 294 290 289 1938 198 139 150 179 129
19.0 36.2 4.9 3.6 4.0 6.0 3.5
2C.0 36.0 6.0 3.5 4.5 5.7 4.0 297 290 292 295 289 290 190 188 144 152 179 128
2.0 35.7 6.5 4.0 3.5 6.0 3.5
22.0 35.7 6.5 4.5 4.5 1.5 3.5 297 290 291 294 289 2815 188 197 145 152 177 127
23.0 36.0 7.0 4.6 4.5 9.2 4.0
24.0 36.1 7.5 5.2 8.0 7.0 5.0 298 291 292 295 289 289 232 1955 14} 152 178 14
25.0 36.1 6.0 4.0 4.5 8.5 4.0
26.0 35.9 5.0 4.0 6.5 7.3 4.0 298 291 291.5 294 289 288 234 193 140 i56 178 132
27.0 35.9 6.2 4.2 6.0 8.5 4.5
28.0 36.0 3.0 2.8 5.0 2.8 2.8
29.¢ 35.7 6.5 4.0 3.0 6.0 4.0
30.0 36.1 6.0 3.6 3.5 5.0 3.8 297 291 292 295 289 288 232 191 141 156 178 135
Valve Reopened
3.0 34.9 9.5 7.0 8.0 9.0 5.5
2.0 35.8 7.0 5.0 6.0 10.0 6.0
33.0 36.4 6.9 4.7 3.8 5.9 3.9 299 292 293 295 290 289 187 187 138 154 174 132
4.0 36.0 7.3 4.4 $.% 8.8 5.0
3.0 36.0 6.9 2.0 3.6 2.5 3.5 294 289 287 291 287 284 i85 189 140 137 160 126
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. PRATT & WHITNEY AIRCRAFT pWA-Z3 15
TABLE 22
. Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.13
THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arriangement across tubes
TUBES 2., Orifices in tube exits
3. Tube axes horizontal, tubes stacked in horizontal plane
l 4. Condensing steam flow rate per tube prior 10 shutoff & 0.022 ib/sec
INLET 4+ S. Cooling flow rate per tube prior to shutoff « 0.8] lb/eec
. B 6. Cooling section nearest inlet shut off
. 7. Sinall inlet header
Magnitude of Pressure Oscillations
Mean .
Pressure {psi) _ Mean Temperature Levels (*F)
Time Level Inlet Exit Tube ] Tube2 Tube)

{seconds} (psig) Manifold Manifold Exit Exit Exit T Iz T3 Y4 Ts Tp Tz Tg T T T T2
0 35.4 [ 1.1 2.0 2.¢ 2.4 32 306 304 289 291 212 187 199 129 125 158 101
1.0 37.0 0 3.3 4.0 3.0 4.0 312 310 3 n7 290 213 189 193 130 128 157 99.9
2.0 34.3 0 0 o 0 0 316 312 311 307 306 223 191 199 127 127 152 93

Valve Closed

2.1 232

2.16 252

2.2 253

2.28 3ics

2.4 i

3.0 50.% [} 0 [ 4] 4.8

4.0 49.0 [ (] 0 0 2.4 318 310 13 308 109 310 199 225 143 148 152 98
5.0 47.0 0 1.0 0 0 2.0

6.0 44.9 [} 1} 0 [ 0 310 306 3os 302 302 303 213 230 166 138 171 110
7.0 42.5 4] 1.0 [ o 0

8.0 40.5 4] 0 [} [} o 305 306 307 296 295 299 220 232 184 143 173 il
9.0 39.3 0 1.0 0 0 ]

10.0 3.8 0 (4 o 0 0 310 306 307 292 292 294 221 232 187 147 17% 1i1
11.0 39.5 [ ¢ 0 0 0

12.0 39.0 0 1.0 0 0 0 33 308 306 292 291 293 222 2315 187 153 i79 118
13.0 37.4 1) 0 0 [} [}

14.0 37.6 o [} 0 [ 0 3135 307 3e? 291 291 291 222 )9 184 151 179 119
15.0 39.0 [} 1.0 [} [} 0

16.0 37.% 0 [) [} 0 0 313 307 306 291 290 291 223 248 184 154 179 i19
17.0 38.9 [+ 0 0. [} 0

18.0 36.9 [ [ 0 0 ] N3 307 306 290 289 297 221 259 186 151 182 121
18.2 257

18.225 276

18.27 2625

8.3 286

18.35 280

18.4 289

18. 444 281

18.6 290

18.835 288

18.9 262

194 38.0 [} [ 0 [ 0

19.2 264

19,24 AR

19.29 271

19.34 289

19.394 280

19.42 289

20.0 39.0 [ 0 [\] ] 0 313 306 306 293 292 299 224 290 189 154 187 117
20.82 284

20.84 287

20.9 286
21.0 36.2 [+] [ 0 0 0 265

22.0 35.1 1] 0 0 0 L]
23.0 35.9 o 1.0 0 0 0
l 24.0 36.2 0 [ [ [ 0 312 307 305 289 297 298 222 244 188 157 194 119
l pace No. 52



PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 22 (Cont'd.)

Magnitude of Pressure Oscillations

Mean
Pressure ({psi) Mean Temperature Levels {°F)
Time Level Inlet Exit Tube 1| Tube 2 Tube 3
(scconds) (psig) ~ Manifold Manifold Exit Exit _Exit h T2 T3 T TIs Te Tr Ts T9 Tio T T2
25.0 6.0
25.5 274
25.5%5 260
25.6 289
26.0 40.8 0 1.0 0 [ 0 314 309 307 294 297 299 227 293 185 154 190 120
27.0 40.9 0 1.0 0 0 0
28.0 40.7 0 0 0 0 ]
29.0 37.6 0 i.0 0 0 0
30.0 37.5% [ 1.0 0 0 0 313 308  30% 290 290 299 221 288 190 187 192 119
Valve Reopened
30.6 134
31.0 25.1 1] 1.7 0 0 0 309 303 300 269 269 268 219 267 179 152 178 i21
32.0 19.0 0 1.% [} 2,0 2.9
32.8 252
32.875 248
32.886 253
33.0 21.0 (] .9 0 o 0 loé 299 299 259 259 259 210 229 165 151 192 118
33.06 248
33.3 226
34.0 25.5 0 1.9 0 1.8 2.0
35.0 28.4 [ 1.4 0 1.0 308 302 301 273 273 270 1905 211 151 134 179 108
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PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 23

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.14

THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement across tubes

2. Orifices in tube exits

3. Tube axes horizontal, tubes stacked in horizontal plane

4. Condensing steam (low rate per tube prior to shut off & 0,021 lb/sec
5. Cooling flow rate per tube prior to shut off = 0.81 lb/sec

6. Cooling sections shut off - middie

7. Small inlet header

Magnitude of Pressure Oscillations

Mean A
Pressure {psi) Mean Temperature Levels {°F)
Time Level Inlet Exit Tube ]l Tubel Tubel
(seconds) (psig) Manifold Manifold Exit Exit  Exit T, Tz T3 T4 Ts Te T71 Tg T9 Tie T)1 Tl2
0 36.0 0 1.3 3.0 2.3 2.9 312 307 311 316 293 289 188 199 138 123 156 107
1 43.0 0 3.5 4.8 4.7 4.0
2 36.5 0 4.1 6.0 5.0 3.9 312 306 303 312 311 314 190 199 1475 124 1585 iCé
Valve Closed
3 40.0 [} .5 ] Q Q
4 40.5 0 [ 0 [ 0 307 3085 306 298 296 297 193 257 138 13c 158 97
5 40.5 0 0 0 0 [}
[ 41.0 0 .6 [} [ [
7 40.5 0 .6 [+ 0 0 314 309 306 294 298 2975 219 282 151 13285 20¢ 97
8 40.6 0 .7 0 [ 0
9 41.1 0 .6 0 [} 0
10 40.6 0 .8 0 0 '] 314 308 306 294 296 298 233 292.5 180 1399 206 101
11 40.2 ¢ .2 0 0 [}
12 39.6 Q 1.0 Q [ ¢
0 1.4 0 0 [} 12 308 306 294 294 295 235 291 191 15¢ 199 113
4] [} [} 0 0
0 .5 [} 0 0
16 40.4 0 .4 ¢ 0 (]
17 38.8 [} 1.0 0 [} 0
18 37.0 0 1.0 ] o 0 3 307 3c5 290 290 290 260 288 206 189 266 13C
19 36.1 0 1.0 0 ] [
20 39.6 0 .3 [ 0 0
21 39.¢ 0 .8 [ o o
22 33.8 0 1.0 ] 0 0
23 35.0 0 1.3 0 [} [} 302 306 303 286 284 283 2745 284 213 169 201 129
Valve Reopened
24 30.4 0 .8 [ 0 0 310 305 302 278 279 28) 249 277 213 157 i88 130
25 27.5 [+] 1.8 2.0 2.3 3.0
25.7 262.5
25.76 240
25.8 263
26 26.0 0 1.0 [\ 2.0 1.8 309 304 301 267 269 268 294 236 204 154 i94 134
27 25.5 0 3.7 3.7 4.5 4.0
28 28.5 ] 4.4 3.9 7.0 4.7 kY 304 3025 274 276 272 212 208 174 144 179 136

PAGE No. 54

13 39.7
14 40.4
15 40.6



PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 24

Data From Coolant Shutoff Tests on Simylated Shell-Tube Configurations. Test No. 9.15

THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement across tubes
TUBES 2. Orifices in tube exits
" Te Y T2 7 3. Tube axes horizontal, tubes stacked in horizontal plane
= :—‘ I 4. Condensing steam flow rate per tube prior to shutoff = 0.021 ib/sec
INLET ) ! BuT %. Cooling flow rate per tube prior to shutoff = 0.81 Ib/sec
— 6. Cooling sections nearest exit header shut off
) 7. Smali inlet header

Magnitude of Pressure Oscillations

P:::::‘n {psi) Mean Temperature Levels (°F)

Time Level Inlet Exit Tubel Tibel2 Tubel

{secondd (pesig) ~Manifold Manifold Exit _Exit Exit T3 Tz T3 T4 T¢ Tg Tz Tg T9 Tig Ty T)2
0 35.6 . 5.3 7.3 10.5 9.0 300 292 311 281 2905 290 195 210 1395 128 150 106
1 36.6 3. 6.0 8.6 3.9

2 36.4 2.8 13.0 6.0 5.5 300 293 295 2809 293 290 190 203 139 128 161 ic5.5
Valvs Closed

3 36.5 0.9 2.6 0.0 1.5

4 36.5 0.0 2.3 0.¢ 1.6 300 288 2945 283 293 291 190 203 138 130 155 99.5
S 36.5 2.7 7.0 6.5 5.0

6 36.6 3.4 5.6 7.5 3.8 289 290 294 2805 290.8 289 193 198 143 135 169 104
7 36.4 2.05% 3.0 7.0 3.5

8 36.1 3.8 5.5 7.6 4.5 299.5 290 294 281 291 290 195 203 1435 138% 1695 109
9 36.4 5.3 8.0 12.0 6.5

10 36.6 1.1 3.0 8.0 2.5 299 290 294 280 295 2895 189 1935 1475 147 174 120
il 36.6 1.0 3.0 0.0 1.9

12 36.6 1.0 0.0 3.8 1.9 300 29C¢.5 2955 282 29L% 290 192 193 1405 149 171 17
13 36.1 3.1 6.0 8.8 9.1

14 36.4 1.1 0.0 7.0 2.1 299 290 295 281 292 290 190 196 144  15) 180 1275
15 35.9 3.2 4.5 6.5 3.3

16 36.5 1.1 0.0 2.5% 2.0 300 292 295 282 290.8 290 1905 198 142 153 180 1225
17 36.6 0.6 0.0 0.0 2.0

18 36.5 0.5 0.0 0.0 1.5 300 290 296 282 292 290 190 204 140 155 178 123
19 35.8 4.9 5.% 12.0 11.%

20 36.5 2.1 4.0 10.0 2.3 300 290.5 294 282 292 290 19] 200 140 1555 186 127
21 36.6 5.5 5.5 6.5 5.5

22 36.4 4.3 5.5 10.0 4.0 300 290.8 295 282 293 2905 19¢ 194 143 1%4 180.5 128
23 36.4 4.9 5.0 3,0 5.1

24 36.5 0.6 0.0 2.1 3.8 300 293 296 283 293 291 190 1955 141 156 1805 1295
25 36.6 1.2 1.9 4.3 2.5

26 36.4 1.1 1.% 2.5% 1.9 300 291 295 283 291 290.% 190 2095 139 1575 180 130.5
27 36.4 0.9% 0.0 2,7 2.3

28 36.0 5.0 8.3 13,0 5.8 2995 290 295 281 292 290 189 197 139 1525 182 134
29 36.8 4.1 7.0 10.6 5.5

30 36.5 5.5 8.1 15.0 6.5 300 2905 2935 282 292 2908 190.8 196 143 15% 188 133
Valve Reopened

3 36.6 6.0 10.0 12.3 6.0

32 36,3 3.1 5.0 12.2 3.9 298  290.8 294 283 292 289.6 192 200 139.5 1585 18Q5 133
33 36.9 4.85 5.8 11,2 5.5

34 36.5 5.5 7.3 15.0 6.0 299.5 292 294% 2815 2905 290 193 206 144 159 18¢.5 137
35 36.3 5.0 5.3 15.0 5.5

36 36.8 2.2 3.8 7.0 3.0 360 298 296 2815 291 290 195 193 14(.8 16C.8 18] 14C
37 37.0 1.6 0.0 3.0 2.1

38 37.0 3.9 2,0 8.9 3.8 301 2915 2965 283 293 3018 193 197 142 160 1815 139
39 37.2 2.9 3.5 9.% 1.0

40 36.1 5.3 5.5 8.0 9.0 298 290 292 280 290 287 191 200 140 159 183 14C.5
41 37.0 5.2 8.0 14.0 6.0

42 36.9 4.7% 7.3 i14.0 5.5 30l 290 294 282 2915 290 194 195 143 153 173 138
43 37.0 4.6 3.0 4.8 4.8 136
44 36.9 1.2 4.5 3.0 2.0 300 291 296 2845 292 29) 190.6 195.5 143 142 1575 124
45 36.8 2.3 2.4 5.0 3.1 117
46 37.2 0.75 0.0 0.0 2.6 3ol 29185 296 2845 293 292 190 198 140 136 156 il
47 36.9 6.05 8.0 19.0 6.0 112
48 36.6 4.3 5.8 11.25 4.5 299 290 291 281 290 290 195 190 1445 132 160 110.5
49 37.0 4.01 4.9% 9.0. 4.0 302 2915 295 2845 294 292 190 195 144 134 168 110

*transducer inoperative
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PRATT & WHITNEY AIRCRAFT

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations, Test No. 9. 16

Conditions:

Mean Magnitude of Presesure Oscillations

Pressure {ped)
Time Level Inlet Exit Tube ] Tube2 Tubel

s-econd-) SE“H Manifold Manifold Exit Exit  Exit

0 34.5 9 7.0 10.0 13.0 8.5

1.0 34.4 ? s
2.0 34.0 11.5 9.
Valve Closed

~ o
-

0 15.%
5 130

[ ]
.
(-
-
(-]
-~
(-3

pegtry w
L™
© »
-

48.0 28.0 19.1 21.0 210 23.5

® e wn

42.% 24.0 3
43.0 29.0 22,

42.0 . 54.0 28.8 43.0 24.0 35.0

—— e
WN=—-OQOLVVWO®NNYNNNNNNIOOCOTTVIdddw
OCOONOVOOXDNOCWMALWNNOODIOYOLOOIWVMWOO

41.5 3.0 20.5 24.0 19.5
41.0 20.0 18.0 21.% 15.0 24.0
40.5 48.0 28.4 37.3 19.0

13.4

13.5

13.6

14.0 38.8 31.0 21.1 29.0 17.5 27.0
14.1

14.25

15.0 40.0 41.0 23.1 36.5 18.0 30.0
15,7

15.8%

16.0 38.5 38.0 18.9 31.0 18.5 28.0
16.3

16,45

16.6

17.0 8.5 33.0 20.2 27.0 16.5 27.0

18.45
18.5%
18.7
19.0 37.8 32.3 24.2 32.0 23.% 34.0
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TABLE 25

PWA-2315

Cooling arrangement paraliel to tubes
No orifices
Tube axes horizontal, tubes stacked ir. vertical plane

Cooling flow rate per tube prior to shutoff s 0.8] 1b/sec

Coolant to middle tube shut off
Large inlet header

Mean Temperature Levels (°F)

i.
2.
3.
4. Condensing steamn flow rate per tube prior to shutoff = 0.022 lb/sec
S.
6.
7.

e
300

299
300

N7
a1

327
32%

321

n7
315

311

311
310
310

306

310

307
308

302

T2

291

290.5
290.5

305.5
3o

316
115

31l

305
3o7

304

303
302
301

300

301

298

299
3o

295

I3
292

290
293

307
309

3178
n?

310

307
3075

301

305
3cl
300.5

299.9
300

298

295
301

297

Ty Ts T Tz Tg T9 Ty Ty T2

285 291 239 168 192
236
278
247
281 29C.5 248 168 196
286 291 228 171 192

223

291
299 304 214 167 300
3015 309 213 157 305.5

309 310 203 157 311
07 30 173 167 3108
246
290
267
301 309 178 305
245
283

267

304

299 300 165 3co
299 294 307 177 301

296 295 302 175 299

296 300 304 172 298
292 301 301 172 296
292 298 3005 177 2975

291 2975 2999 175 293

292 300 300 171 294

291 293 298 167 290

291 298 297 158 291
294 302 301 1635 295

290 293 293 163 29)

28

1305
129

106
121

1175
106

121

134
130

155

154
158
158

158

155

150

145.5
142

153

126

123
123

124
17

120
121

129

118
125

120
123
123

121

124

119
118

115

159

160
152

158
170
215
213
309
312
313

308

307
240
304

303

170
298
3¢l
301

29¢C
293
299
300
295
2305
290
295
258
293
298
296
169
283
290
16%
280
294
296
179
29¢
29¢

109

113
108

ic85
1035

104
98

1

100
100

110

106
109
120

126

117

117

11¢
1105

110
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PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 25 (Cont'd.)

Mean Magnitude of Pressure Oscillations

Pressure {pei) Mean Temperature Levels (°F)

Time Lavel Inlet Exit Tube 1| Tube 2 Tube 3
{seconds) {psig) Manifold Manifold Exit Exit Exit h T Ty T TIs Te Tr Te J9 T Tui T2
19.15 173

19.3 279

20.0 41.0 37.0 17.% 26.0 17.3 27.0 310 303 3005 293 300 300 160 295 1485 112 296 106
20.8% 295
20.92 200

21.0 39.0 40.0 25.0 39.0 24.9 27.0 308 300 299 291 300 300 163 29% 1475 120 280 112
21.1% 296
21.2% 177

21.8 294

22,0 9.0 26.0 19.2 29.v  16.0 27.6 306 k177 298 291 29¢ 299 1645 2v2 1475 117 - 116
23.0 4C.5% 41.0 16.7% 35.0 22.0 22.0 309.% 300 3oo 292 300 300 169 293 1475 118 - 1ce
23.2 255
23.3% 178

23.5 284

4.0 3.0 4.5 30.9 40.0 28,9 38.0 303 300 3005 293 297 296 169 294 153 119 322 110¢
Valve Reopensd

24.15% 173 -
24.4 291 -
25.0 3%.¢C 7.0 3.6 8.5 6.8 8.0 300 291 293 286 290 291 163 283 148 113 288 109
25.12 172 -
26.0 22.0 7.1 3.9 7.3 8.0 7.0 275 2705 268 260 263 263 192 263 170" 123 184 114
27.0 18.5 5.% 4.3 7.3 7.3 5.% 269 265 260 253 261 259.5 186 259 1675 121 163 114
28.0 22.0 0.0 2.4 0.0 0.0 0.0 279 280 270 263 267 265 178 261 1695 123 175 115

28.2 229 - -

29.0 24.0 10.0 7.3 12.0. 10.5 9.1 284 286 274 265 271 268 180 229 156 125 174 116
30.0 27.0 10.0 6.7 9.0 13.0 8.5 294 288 280 271 278 288 1725 188 158 125 167.5 119.5
30.6 277 - -
30.7% 248 - -
31.0 29.0 10.0 6.4 10.6 13.0 10.0 291.9 289.5 284 275 284 247 1645 188 150 123 179 117
32.0 31.0 10.8 7.3 12.0 16.0 10.5 299.5 290 285 277 285 241 162 183 139 127 174 118
33.0 3%.0 9.5 6.4% 10.% 139 9.% 299 289 290 281 290 238 163 195 131 125 159 111
4.0 34.0 9.5 6.3 -11.% 14,0 11.8 300 290 291 284 2905 229 162 193 122 120 154 117
35.0 36.% 11.0 .0 11.0 19,0 10.0 302 292 293 287 292 210 1625 19% 116 120 169 ics
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TABLE 26

Data from Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.17

RMOCOUPL CA Conditions: 1, Cooling arrangement paraiiel to tubes
TUBES 2. No orifices
v T 3, Tube axes horizontal, tubes stacked in vertical plane
- - 4, Condensing steam flow rate per tube prior to shutoff » 0. 022 1b/sec
INLET ] 5. Cooling flow rate per tube prior to shutoff = 0.81 1b/eec
T a @i 6. Coolant to bottom tube shut off
7. Large inlet header

Magnitude of Pressure Oscillations

Mean (pei)
Pressure Mean Temperature Levels (F°)
Time level Inlet Exit Tube | Tube 2 Tube 3
{seconds) (psig) Manifold Manifold Exit Exit Exit Tl 2 E -1_4 1‘5 1'6 1.,_ i T9 Tlo T“ le
0. 34.6 6.95 10.5 12.7 12.5 10.3 299.5 290 291 282 290 210.5 169 198 124 122 163 105.5
1.0 35.5 7.0 9.5 11.5 15.0 11.0 299.6 290.5 291 283 290 211 164 200 124 121 153 109.5
2.0 35.5 1.5 12.5 15.0 12.5 1.5 299 290 290 286 290 212~ 168 190.5 123 124 160 111
Valve closed
2.66 230
2.8 293
3.0 38.9 9.0 13.5 14,0 13.0 130 307 298 299 291 298 297 167 193 129.5 127 155.5 117
4.0 42.0 6.0 10.0 11.0 13.0 9.5 3l 300.5 302 295 303 301 168 198 137 128 160.5 118
5.0 42.55 5.3 7.5 11.5 15.5 8.5 312 302 304 295 303 303 169 192 140 128 156 115
6.0 43.58 6. 4 10,0 12,0 15.0 9.5 313 303 306 299 305 304 161 197.5 156 120 147 119
7.0 42.5 7.0 11,0 11,0 12.3 1.0 32 302 304.5 295 303 303 169.5 191 198 128, 5 150 127.%
8.0 42.0 6.1 11.0 10.0 15.0 10.0 312 301 303 296 302 303 174 193 259.%5 122 160 132
8.53 290
8.65 272
9.0 41.5 6.8 9.0 1.8 12.0 9.1 309.5 300 301 293 300.5 300 17 199 271 126 161 145
9.04 279
9. 18 294
9.3 270
10.0 39.5 5.3 9.5 9.0 12.5 8.5 307.% 298 299.5 290 299 293.5 176 193 282 128 154 141
6.8 10.0 8.5 17.5 9.0 304 297.5 297.5 289 300 290 179.5 202 290 127.5 159 152
iz. 0 38.9 6.5 9.0 1.0 16.0 10.3 305 298 299 290 298 297.5 181 198 290 179 165 167.5
13.0 38.0 5.8 1.5 7.5 12.7 8.0 304.% 296 297 289 297 295 180.% 200 290 7 166 184
14.0 40.0 5.0 8.0 8.5 12.5 9.0 307 299 297 289 297 297 173 191 290 133.3 161 207.5
15.0 40.0 5.8 8.0 8.0 1.5 8.0 309 299.5 299 291 299.5 299 179 203 291 1323 167 209.5%
6.0 40.0 6.3 9.5 10.5 12.0 9.5 309 299.5 300 291 300.5 300 181 201 292 130 161 222
17.0 40,0 5.6 7.5 7.0 12.0 7.3 309 299.5 300 291 300 299.5 176 190 292 130 157 230
18.0 41.0 6.1 8.0 7.0 12.5 1.7 307 299 299 291 300 299.5 175 196 290 © 129.5 166 223
19.0 39.0 5.8 7.8 7.0 18.5 8.0 308 299 299  290.5 299.5 299. 178 196 291 134 158 237,58
20.0 38.0 5.5 8.0 7.3 12,7 8.0 303 295 295 286 295 295 177 193 288 134 167 230

20.7 205

21.0 36.5 5.9 8.0 7.3 12.5% 8.3 301 293 294.5 287 294 293.5 182.5192.5 287.5 137.% 160 228
22.0 37.0 5.3 7.0 6.5 10.8 7.3 301 294 294 286 295 294 178 192.5 286 128 161.5 257.5
25.0 37.0 5.0 7.7 6.0 9.8 7.6 302 294 295.5 288 295 294 183 197 287.% 130 165.5 257.%
24,0 37.4 5.9 7.4 8.0 12.0 8.0 303 294.5 296 289 296 294.5 178 190 287 134 161.5 260
24.5 225
24,65 168
25.0 33.5 5.2 7.0 8.0 14,0 5.3 296 288 288 280 288 286 183 199 280 132 165 211
26.0 36.5 5.1 7.5 7.3 9.0 7.3 301 293.5 293 287.5 294 290 172 194 284 128 152 261
27.0 38,5 5.2 7.3 7.0 12.5 7.5 305 297 296 289.5 296 296 180 189 290 130 166 260
28.0 34.5 7.35 8.0 ' 10.0 15.5 9.0 297.% 292 290.5 28F 290 298 180 196 284 134 169.5263
29.0 35.0 6.3 8.0 7.5 15.0 8.0 300 290 291 283 290 290 183 193 284 135 157.5 242.5
30.0 38.0 4.5 7.0 7.0 12.0 1.5 306 297 289 290 297 297 174 187 290 127 161.5 268
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PRATT & WHITNEY AIRCRAFT

TABLE 26 (Cont'd.)

Magnitude of Pressure Oscillations

PWA-2315

Mecan
Pressure {pss) Mean Temperaturs Levels {°F)
Time Level Inle¢ . FExit - Tube 1| Tube 2 Tube )

{seconds) {psig) Manifold Manifold ' Exit Exit  Exit

Valve Reopened

3.0 M.5 8.0 7.0 .1 12. 6 7.5
3.8

32.0 29.0 8.9 1.8 10.8 1.9 1.0
32.28

32.4

330 22.0 4.8 7.0 7.8 12.0 7.0
4.0 218 4.9 6.5 8.3 10.0 7.0
3.0 22.8 6.8 9.8 9.0 13.0 9.6
36.0 26.0 s.2 7.8 .5 12. 8 8.3
36.2

36,28

36.3

36.4

36.7

36.8 .

37 2.6 6.9 10. 3 11,0 12.%5 10.0
38 3.0 6.4 8.0 9.0 12.0 9.0
39 2.8 a8 9.9 10,5 12.0 10.0

M
288
293
296

298. %
299
299.5

291

202

281

no1om

282 292 288

273 281.5 278

277.9 267.5 259.8 267.3 263

284
286
288

288
289
289

pAGE No. D59

269
n

259 265 262
261 270 266

275.% 267.5 275 270

270
2%0
270
269
240

267.

287.% 2712 219 274

290
290

2718 283 281
280 287.5 280

T7

179

178

i83
179
183
171

166
164
159

T8 T9
.5 200 286
194 273
270
230
214 232
.5217.5238
203 230
190.5 213
189 190.6
184 153
18895 154

Ti0

134

131
129
133
137

137,

127
128

Tit T2
168 255
167.8
158.5 172
169.5 153
161 153
166 161
172 162
173 156
167 136
154.5 136



PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 27
Data From Coolant Shutoff Teste on Simulated Shell-Tube Configurations. Test No. 9.18

Conditions: 1. Cooling arrangement parallel to tubss
2. Orifices in tube exits
3. Tube axes horisontal, tubes stacked in vertical plane
PRETY 4. Condensing steam flow rate per tube prior to shutoff = 0.022 1b/sec
$. Cooling flow rate per tube prior to shutoff = 0.81 bfesc
6. Coolant to top tube shut off
7. Large inlet header

Magnitude of Pressure Qacillations

Mean
Pressure {pst) 1s (°
Time Level Inlet Exit Tube ] Tube 2 Tube 3 Mesn Temperature Levels (°F)

{seconds) (peig) Manifold Manifold Exit Exit  Exit T) T2 Ty T4 Ts Té T7 T8 T9 Tj0 Ti3 T30
[} 30.6 b 8.0 9.0 13.0 5.0 308 300 300 284 289 287 181 186 146 123 148 120
1 3,0 4.3 6.0 10.5 4.9 122
2 31.% 5.0 5.0 12.% 6.0 309.5% 301 301 287.% 290 289.% 180 195 142 120 149 122

Valve Closed

3 38.1 2.1 4.0 2.8 1.0 120

4 41.5 4.7 5.0 14.0 6.0 Jle 305 307. % 301 300 308 184 199.8% 137 127.5% 153 122

5 41.9 6.0 8.0 15.0 1.3 210 128

5.3 243

S.428 296

5. 46 280

5.8 300

] 43.0 6.6 7.8 1.0 1.3 39 308 304 304.5 310 309.5 303 20) 147.% 140 156 127.%

7 43.% 2.3 1.9 5.0 3.0 130
8 43.0 5.9% 8.0 12.3 7.0 315 306 309 301 307 307.% 300 200 i58 187 150 128
9 43.0 5.9 6.0 16.0 13.0 203 133
10 33.0 5.0 5.1 12,0 6.5 319 307.5 310 305 309 309 302 200 163 273 167.5 132
10.1 300

11 26.9 2.% 7.0 13.0 6.1 135
12 27.6 4.9 2.3 10.0 6.5 34 304 306 301 305 304 300 200.5 170.3 300 162 142
13 28.0 10.4 6.0 14.0 9.0 143
14 28.0 10.0 5.5 12.0 9.0 309 300 300 296 300 300 295 207.5 174 29% 160, 139
15 28.9 6.7% 5.0 14.5 7.0 141
16 29.1 5.8 5.3 i7.4 6.9 304 298 294 292 25¢ 2395 290 205 i83 291 ié8 i50
17 29.2 4.0 5.0 130 5.5 148.5
18 29.5 6.6 6.0 11.0 8.8 301 299 297.9 289 293 290.5 285 210 179 287 169 149
19 29.8 7.5 7.0 13.0 9.0 147.5
20 29. 6 5.9 5.0 i6.5 8.0 300 300 301 290 293 I90.5 87.52%i10 178 289.5 165 145
21 30.0 6.9 4.% 7.0 8.0 147.5
22 .30.5 9.5 4.0 15.0 11.0 302 300 300 288 290 289 285 210.% 175 286 169 148
23 30.8 8.0 8.0 . 17.8, 1.0 145
24 30.0 6.0 5.0 8.5 1.0 300.5 301 301 290 293 292 288 211 171 288 170 143
28 30.0 9.0 5.0 9.5 11.5 147
26 30.5% 18.0 5.3 22.0 19.0 300 300.% 301 290 293 290 285 210 170 289.5 165 145

Valve Reopened .

27 26.0 1.0 9.0 14.0 6.0 277 288 273 276 143
28 6.0 2.4 2.0 7.3 30 289.5 290 290 228 238 232 223 193 169.5 173 168 145
29 6.9 2.% 2.8 4.0 2.5 141
30 8.8 3.1 4.0 3.0 30 296.5 290 290 240 243 240.% 210 19) 169 184 163 138
31 14.9 3.3 4.5 8.5 4.0 134
32 20.0 4.1 4.0 9.0 4.5 303 295 296 268 273 267 164 177.5 181 153 153 129.%
33 26.1 4.3 6.3 9.0 6.5 128
34 28.0 5.9 7.0 16.0 7.0 307 299.5 299 280 284 282 165 190.% 130 130 150 129
38 29.0 5.2 6.0 14.0 1.8 309 299 300 284 238 288 167 181 128 127.85 148 126

*transducer inoperative
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PRATT & WHITNEY AIRCRAFT PwWA-2315

TABLE 28

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.19

THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement parallel to tubes
TUBES 2. Orifices in tube exits
Y% 1 17 3. Tube axes horizontal, tubes stacked in vertical plane
4. Condensing steam flow rate per tube prior to shutoff = 0.022 1b/eec
5. Cooling flow rate per tube prior to shutoff = 0.81 Ib/sec
IMET &xr 6. Coolanll to middle tube shut off
7. Large inlet header

Magnitude of Pressure Oscillations

PMean (psi)

ressure .

Time  Level  Inlet Exit  Tube | Tube2 Tube} Mean Temperature Levels {'F)

(seconds) (psig) Manifold Mamfold _Exit Exit  Exit Ty, T2 T3 T4 Ts Tg Tz Tz T Tyq Ty Iy
0 35.% . 5.2 7.3 8.0 310 302 302 2905 296 295 176 191 141 120 151 122
1 35.5 4.} 6.0 c.o 6.0 120

Valve Closed
2 41.5% 4.0 6.5 6.0 7.0 313 3045 3075 301 306 3045 1775 192 139 120 154 120
3 45.0 0.0 2.6 2.0 2.% 220
3.4 26%

3.5 3018

4.0 45.0 2.0 2,7 3.5 3.0 320 318 313 306 31 3 175 305 143 122 151 122
5.0 45.0 1.9 2.0 2.8 2.% 167

5.5 191

6.0 45.C 2.1 2.8 3.0 3.5 3195 309.8 3t 306 310 310 i92 304 1555 122 213 12%
7.0 43.% 2.% 3.0 3.0 3.1

8.0 43.0 1.9 3.8 2.8 3.1 316 307 309 303 308 309 191 301 164 128 260 130.5
8.5 280

8.55% 300

9.0 43.0 1.1 3.0 0 2.%

10 43,5 1.6 4.0 2.0 3.9 3118 308 3095 304 309 3085 19% 302 160 135 305 13%
i1 41.9 8.7 7.% (4 7.0
12 . 41.C 18.0 21.0 1.6 3.0 311 302 306 300 305 304 19% 299 166 133 300 138
13 35.0 4.9 12.4 3.0 21.0
14 37.0 4.9 5.0 3.0 11.0 306 299 298 295 298 298 186 291 169 134 294 138
is 3.0 5.2 7.0 2.5 5.0
16 35.0 5.2 6.0 1.8 5.% 301 298 304 2905 296 2935 1875 289 169 1375 291 136
17 36.0 7.% 3.0 1.% 5.1
18 36.5 18.0 10.0 2.6 8.0 314 300 307 293 299 2975 182 291 166 149 294 139.5
i9 36.5 6.0 8.0 2.7 9.0

20 35.0 17.6 19.6 2.0 7.3 314 3075 308 291 298 294 190 290 176 138 293 137

21 - 34.9 6.0 7.5 4.0 18.0

22 34.1 4.4 5.0 2.0 8.0 313 306 310 290 294 29) 190 289 1645 139 291 138.5

23 36.0 3.9 5.0 2.5 6.0

2 34.C 5.0 6.0 4.0 5.0 313 306 310 290 295 291 185 288 170 138 290.5 141

25 36.0 5.2 5.% 2.5 5.8

26 35.5% 8.0 6.0 2.8 7.0 314 3075 3073 29] 297.5 294 185 2895 170 1395 293 139

Valve Reopened

27 33.5 16.4 5.5 3.0 6.0

28 27.7 2.9 3.0 2.5 3.0 311 304 307 2815 284 283 19¢ 279 168 1385 281 138

29 12.1 2.0 2.0 2.7 2.48

30 9.5 1.0 1.% 1.0 z.0 300 292 294 240 24) 240 1815 2375 172 134 230 138

31 12.0 1.0 1.5 2.3 1.8 199

32 14.1 3.0 1.8 8.5 2.6 3ol 292 293 252 259 253% 160 214 150 127 170 130

33 19.0 4.2 5.0 8.0 3.9 193

34 23.0 4.1 4.0 8.% 2.5 3075 300 299.5 270 275 2711 150 180 133 120 158 126

35 27.0 4.1 4.9 11.% 4.0 123

36 3.0 4.1 7.0 11.0 5.0 309.5 301 300 282 288 284 161 1875 126 115% 161.5 126

*transducer inoperative
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PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 29

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No.. 9.20

THERMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement parallel to tube
TUBES 2. Orifices in tube exits
L T 3 3. Tube axes horizonta], tubes stacked in vertical plane
NLET — 3 4. Condensing steam flow rate per tube prior to shutoff @ 0, 022 1b/sec

& our 5. Cooling flow rate per tube prior to shutoff @ 0. 81 l1b/sec
6. Coolant to bottom tube shut off
! 7. Large inlet header

LA

Mean Magnitude of Pressure Oscillations

Pressure {pal) Mean Temperature Levels (°F)
Time Level Inlet Exit Tube | Tube 2 Tube 3
{seconds) (psig)  Manifold Manifold Exit Exit Exit T T2 T3 Ty Ts Té T7 T8 T9 Tio Ti1 Ti2
[} 29.1 - 4.1 4.6 9.5 6.0 32 304 302 287 291 289 180 190 139 120 156 120
1 29.9 4.9 7.0 12,0 8.0 1198
2 29.5 5.45 6.8 4.5 8.0 3las 302 30LS 287 290 288 179 186 138 1525 120
Valve Closed
3 29.5 4.3 4.0 9.7 1.0 121
4 30.0 6.4 7.1 14.0 10,0 311 303 303 287 29! 289 1861 1895 140 147.% 1185
-] 31.5 5.0 4.9 1.0 .0 120
6 37.0 7.0 7.45 17.% 5.0 313 304 307.% 2995 301 302 179 189 1475 150 1233%
7 38.1 4.3 4.5 9.0 7.5 121
8 38.1 6.9 1.0 18.0 10.0 31 303 308 301 303 303 179 183 163 1559 1275
9 38.0 4.7 4.0 12.% 1.0 197 128
10 37.5 4.6 4.6 14,0 1.0 310 302 3018 299 302 301 183 1893 2378 146 138
11 37.3 5.95 5.5 151 1.5 2718 126
12 36. 8- 4.0 4.0 9.5 7.0 3095 300 299 299 301 301 186 183 291 158 158
13 36,3 4.9% 4“9 14,0 1.0 127
14 36.0 3.2 %0 14.% 8.1 308 2998 304 2973 300 300 188 187 291 15% 186
15 35.0 5.0 4.9 12, 7.6 128.5
15.5 193
15.88 175
16 36.5 . 2.9 2.6 7.0 5.0 3095 3048 303 299 30LS 301 187 293 150 213
16,08 173
16. 24 198
17 36.0 2.4 4.5 6.0 31S 129.%
i8 36.2 30 3.0 2.3 6.0 3iAS  Z995 304 230 300 99 189 198 31 149 230
19 3.0 4.1 4.9 13.0 5.0 129
2C 33,5 5.1 5.0 12.5 8.0 305 295 30t 292 297 304 190 1875 289 153 243
21 33,1 3,46 4.0 12.2 9.0 128
22 33.0 3.35% 3.0 10.4 5.0 309 295 301 291 296 296 i8y i92 2835 1595 z5i
22.% 262
23 33.0 3.9 3.0 7.3 5.0 129
24 32.0 4.0 3.5 8.0 5.5 309 301 301 2905 295 291 189 200 287 1505 253
25 29.5 5.0 4.5 14.0 7.3 130
26 33.1 4.75 3.0 15.0 6.5 310 300 301 291 295 303 187 185 287 154 262
27 33.9 4.5 3.4 14.0 6.0 128
28 34.0 4.1 3.1 12,0 6.0 311 301 300 293 298 303 182 194 290 164 261
29 35.8 4.9 7.6 13 3.1 122
29.5 268
30 35.8 5.0 1.0 14 4.1 313 30LS 306 298 300 301 184 193 293 143 2715
Valve Reopened
31 26.0 3.9 6.3 10.5 4.1 ' 126
31.06 253
31.24 235
31.3 238
31.36 210
31,54 193
3.6 190
31.7 1577
32 . 14.5 4.1 5.5 10.1 4.0 300 29L5 293 260 2645 258 1875 187.5 241 150
33 11,0 3.7 4,0 8.5 3.5 127.5 159
34 13.0 4.0 4.5 11,0 3.8 300 292 293 2515 260 257 180 175 223 153
35 18.0 4.2 6.0 9.0 4.5 126 1
36 22.0 4.45% 6.% 1.0 5.1 305 2975 296 2728 278 2T 159 179 1945 147
37 25.5 S.1 7.5 10.% 5.1 306 299 299 279 280 2895 185 1775 1575 12L5 147 154

“transducer inoperative
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PRATT & WHITNEY AIRCRAFT

TABLE 30

Data From Coolant Shutoff Tests on Simulated Shell-Tube Configuratione.

THEAMOCOUPLE LOCATIONS Conditions: 1. Cooling arrangement parallel to tubes

2. Orifices in tube exits
3. Tube axes horisontal, tubes stacked in horizon:al plane .
4. Condensing steam flow rate per tube pricr to stntoff = 0.C18 1b/sec
5. Cooling flow rate per tube prior to shutoff = 0.81 lb/sec
6. Coolant to middie tube shut off
7. Large inlet header

Mean Magnitude of Pressure Oucillations
Pressure { .

Time Level inlet Exit Tube | Tube 2 Tube )

{seconds) (peig) Manifold Manifold KExit Exit Exit T T2 Ty Te
0 o U . . 3.8 4.8 310 303 301.5 289.%
1 6.0 5.0

ValveXlosed 14.0 1.5 309.5 300 301 288
3 5.0 5.6
4 2.7 4.0 311 306 308 299.5
4.9
3 2.5 2.5
6 2.1 31 13T 303  307.5 300
7 3.9 4.0
8 3.0 3.1 311 304 308.5 299.5
9 2.5 3.5
10 3.0 4.0 309  300.5 307 291
1l 2.5 2.5
12 2.8 3.0 306 300 304 294.5
13 2.7 3.5
14 2.1 2.5 309.8 301 306 298
s 2.5% 6.5
16 0 110 308 300 306 297
17 2.5 6.4
18 2.5 130 304 299 303 292
19 2.2 8.0
20 2.5 1.5 309.5 307.5 300 298
21 2.0 8.1
22 2.3 6.0 307 300 305 295
23 2.23 12.5
24 3.0 6.0 307 300 304 295
25 9.0 8.0
26 3.1 1.5 309.5 303 306 299
27 6.1 13.1
28 5.0 1.9 308 302 306 298
29 6.0 1.9
30 5.8 9.0 303 299 300 293
3l 3.0 9.5
32 5.0 12.6 307 300 303 297
33 6.0 19.0
34 7.3 13,0 510 303 305 299
35 6.1 15,0
36 5.8 112 309 301 304 298
37 5. 7.0
38 5.5 230 308 299.5 303 297
39 5.0 - 8.3
40 3.1 30 301.8 295 300 290.5

Valve Reopened
41 .8 3.0
42 5.0 4.0 290 278 287 252
43 2.7 1.9
44 2.0 2.8 299.3 2905 292 260
45 10.1 4.9 301 292 293 260

stransducer inoperative
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Ts

29%

293

Mcan Temperatyre Levele (°F)

Test No. 3.21

PWA-2315

Té
293

290

304.5 304

304

304

304

304

300.5 302

300 300

301

302.5

300.5 300

298
301
300
300
304
302

299

297.5
301
299
299.8
303
300.9

298

300.5 300

304.5 303

302
301

294

258

263
273

301
300

29%

253.8

260
266

Ty T8 T9 Tie Ty

197 159 144 136 150

148

197 197 150.3% 137 156

167

198 250 139.8 138 156
291.9

158

197 297.5152 140 187

219.8

203 297.5 158 139 238

250

206 236 160 140 259.5

273

204 292 160.8 146 280

. 297

206 796  161.% 146 298

298

200 296 159 144 298

295

206 290.5 160.5 141 294

298

190 295 170 142 299

300

198 292 176 144 291.%

298

196 293 177 147 297.5

299

193 293 176 149 300

300

191  297.5184 149 300

294

196 291  190.5 153.5296

) 297

190 275 185 152 298

301

195 293.5 188 149.5300.8

299.8

196 297 190.6151.0300

301

199 295 186 154.8 298

298.5

203 209 187.3 150.5292

150. ¢ 261

188 249 181 150.5 250

150.8 174

173 22) 163 149.0 163

166 214 148 139.0 163

Ti2

104
103
103

101
101

101
104
105
108

(1

110.5

137.8
133
138
139
139.5
139.5
144
149
144
143
141.58
143
144
148
147.5%
145
145

144.5
143
142
130
122



Time

{seconds) (psig) Manifold Manifold
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38.5%
39.0
40.0
ve Closed
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Loo
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47.5%
49.0

49.0

- =

$0.0
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47.1
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PRATT & WHITNEY AIRCRAFT

TABLE 31

PWA-2315

Deta Frem Coolant Shuteff Tests on Simulated Shell-Tube Configurations, Test No. 9.22

JHERMOCOUPLE LOCATIONS Conditions:
]
(PR A S
INET (213

Magnitude of Pressure Qscillations

{pst)
Inlet Exit Tubel Tube2 Tube)
Exit Exit Exit
18.5 7.7 11.0 15.0 14.0
8.0 5.1 7.6 14.9% 7.0
8.5 7.8 8.0 15.0 11.2%
(] ] [ ] [
6.9 4.0 10.0 6.9 5.1
8.0 4.0 18.0 10.0 8.5
3.0 3.7 22.0 6.0 7.0
7.3 4.1 15.0 6.0 7.0
3.0 2.0 3.0 0 2.%
12.4 8.8 11.0 9.8 10.9
9.0 6.2 6.0 1.3 8.0
9.0 23.9 31.0 21.0 27.5
55.0 25.1 35,0 22.8 3.5
271.0 12,1 19.0 12.0 8.3
50.0 21.6 29.5 19.0 27.0
47.0 19.5 25,0 16.0 21.0
38.5 16.% 24.0 22, 23,
49.0 18.7% 31.% 22,0 29.0
48.90 5.2 38.0 29.0  371.)
43.0 17.2 26.% 20.0 22.%

I. Cooling arrangement parallel to tubes

2. No orifices

3. Tube axes horizontal, tubes stacked in horizontal plane

4. Condensing steam (low rate per tube prior to shutoff = 0.021 Ib/sec

5. Cooling Nlow rate per tube prior to shutoff - 0,81 1b/sec

6. Coolant to middle tube shut off
7. Large inlet header

Mean Temperature Levels (°F)

L I

3078 299 300
3060 299

a8 307

320.0 3095 313
3le 307

310 3005

3l 3018

o0 296

310 3c4

L IR 1

pPAGE No. 64

L

299

3098

30
303

300

294

2975

2915

T
289.5

290

306

308

308
300

300

293

2938

Is
2T

291

309

30

3085
301

3005

295

296

299

Ie
290

290

2215
49
200

227
225
289
254
250
308
268
280

3035

3088

Jo2.5

3005

292

295

297

Iz
173

171

1

1878

189
190

166

16%

163

171

Tg
188

204

218
285

3009

30%

287

289

Is
136

138

130

130
156

150

153

148

153

120

1218

13325
130.%

120

119

116

201 1148

260
2675
296
278
3075
98

302

284

287
303
303 100

298 113
297 110

294
177
280
29¢C

287
291 105

210
285
289 109.5
204
280
290
176
271
289
180
178



PRATT & WHITNEY AIRCRAFT

PWA-2315

TABLE 31 (Cont'd.)
Mean Magnitude of Pressure Oscillations
Pressurs {pst) Mean Temperature Levels (°F)

Time Level Inlet Enit Tube | Tube 3 Tube 3
(seconds) [peig)  Manifold Manifold Exit _Exit  Emit Jr ™ Ty W Ty T Ty Te Ty Tio Ty Ti2
19.2 289

19.3 183

19.4 280

20.0 41.0 4.1 26.0 30.0 17.76 27.0 m 305 303 291 297 295 154 2895 151 106 103
20.5 289

20.65 172

20.8 282

20.96 288

21.0 39.0 $0.0 22.0 33.0 22.3 3.0 225

21.3 290

21.4 209

21.45 280

21.94 290

22.0 40.0 67.6 24.6 40.0 28.0 36.5 Nne 3o3 303 291 296 293 160 268 141 104 100
22.05% 176

22.18 280

22.4 290

22.5% 213

22.6 288

22.8 293

22,87 230

22.94 290

23.0 41.5 2.3 19.4 30.0 20.0 27.5

Valve Reopened

23.45 2925
23.49 2875
23.5%3 290

23.74 290

23.85% 179

24.0 40.0 22.0 19.1 20.5 17.5  12.6 302 303 310 293 294 290 157 289 143 103 9
24.04 284

24.07 127

24.17 124

24.4 102

25.0 36.5 7.0 4.4 6.5 7.7 6.9 28%

25.3 190

26.0 20.0 9.5 7.0 8.5 9.0 8.0 290 286 299 2415 251 245 180 247 174 1055 203 100
27.0 19.0 8.0 5.3 7.0 8.0 7.0

28.0 22.0 4.9 2.9 4.0 4.9 4.0 290 285 300 253 259.5 255 179 255 169 117 168 113
29.0 27.¢ 7.6 5.¢ 6.5 6.0 6.0

30.0 32.5 12.% 7.3 8.% 12.4 10.0 295 295 3¢S 273 276 2718 16¢ 207 143 125 143 1c8
1.0 35.0 12,6 7.5% 8.0 13.¢ '16G.0

32,0 37.5 13.0 7.6 11.0 14.% 10.0 Joo 300 309 289 296 289 16C 1935 1278 132 188 106
33.0 '38.1 12.¢C 7.7 11.9 17.%  1C.¢ '

34.0 39.5 12.¢ 7.1 12.% 14.9 9.9 3ol 298 309 249 2925 290 170 196 126 120 163 113

race No. 65



PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 32
Data From Coolant Shutoff Tests on Simulated Shell-Tube Configurations. Test No. 9.23

THERMOCOUPLE LQCATIONS Conditions: 1. Cooling arrangement paraliel to tubes
TUBES 2. Orifices in tube exits.
A A 7Y . 3, Tube axes vertical
4. Condensing steam flow rate per tube prior to shutoff 2 0,018 1b/sec
INLET ot S. Cooling flow rate per tube prior to shutoff = 0.81 Ib/sec
6. Coolant to middle tube shut off
7. Large inlet header

Magnitude of Pressure Oscillations

Mean ~ {psf)
Pressure Mesn Temperaturs Levels (°F)

vTime Level Inlet Exit Tubel Tube2 Tube)d
{scconds) (psig) Manifold Manifold E=xit Exit Exit TL. T2 Ty T4 Ts Te Tz T ™ Tio Tl T12

8 i 7.5

23.5 .6 3.0
alve Closed

26.5 3,

30.5 1.

25.0 - 3. M6 337 339 285 285 287.5 191 171 167 150 139 122
1 .

H

o
o

4.5 346 337.5 339.5 290 290,290 193 170 161 155 143 130

1

6 2.%
32.2 2.7 4.0
29.8 3.3 5.0
31.0 2.0 1.5
29.0 3.0 5.0
30.2 2.7 3.1
27.4 .9 0
10 28.0 .79 1.0
11 28.) .8 0.9
11,55 263
11,99 28¢
11,67 264
11.9 264
11.91 281
11. 96 268.5

| l
' 12.0 28,7 .8 .9 1.5 M8 337 339 294 297 293.% 218 283 180.5 177.5 154 138

347 337.5 339.5 299 299.8 300 205 184 179.% 163 148 126

by

346 338 339.5 298 299 299 211 217.5 129.5 167 148 130

34T.8 338 339.5 294 299 297 210 254 139 163 144 133.§

P A A N - )

M8 337.5 339 292 294 292 219,3 261 189 177 148 138

GA RO WVNOO VRGN

12,08 287.)
12.23 270
12.28 289
12. 36 287.9
12.38 280

2.4 _ 287.%

by
9 -

Y

5 28.4 1.0
14 27.4 1.0 347.5 336 338 291 293 290.5 218 287.5 176  177.5 167 139
15 26,7 .7
16 26.0 9

4

348 336 338 289.% 290 289 218 287 171 180 172 135
17 26.7

QOO O = -

._
b
©

-

¢

-3

3 27,0 .8
19 25.0 1.6
20 26.3 .8
21 27.0 0

22 26,5 .6
23 26.0 .9

w

348 337 339.5 290 291 290 210 289 175 177.5 179 136

b
W AN

348 335 339 289 292.5 289 213 289 173.5 173 180.5 137,5

348, 5 336 339.5 290  291.5 290 209 287 180 181 193 140

-— O = w
.
v o

~N
b
wooo

:—OOOOONP—NQOOP\.‘G-OONuOOOOOO-

w

24 26.3 .6
25 22.5 .4
26 25.7 Lol
27 27.0 .6
23 26.8 0
29 26.2 1
30 25.9 .25
31 2s.0 ¥
32 25.9 .98
33 26.0 .4
34 26.1 .9
35 24.9 Y
36 25. 4 .9%
37 23.7 s
38 2.8 9

.
N
w

348.5 337 339.5 290 291 289 213 285.5 185 180 188 138

48,5 337 340 289 290 289 208 285 188.% 177 187 136

.
(-

348.5 337.5 340 290.5 293.5 290 216 287.5 186 176  201.5 137

.
B n
wo

348.5 337.5 339.5 289.5 292 289.5 208 285 190 170 194 137

(-]

349 337.5 340 290 29} 289.5 212 285 136 179 20k 5 136

NOO
w
e

M9 336 339.5 289 291 289,55 210 285 186 170 201 1415

349 337 340 289 290 288 210 284 187.5 175 198 141

-——O Q== NO~NON~O -

-o

M6 IS 3398

(L3
[ 3
(L]

283.5

~
™
o
[\
-3
-~}
~
[ 3
~N
-
o«
d
w
-
-t
w
-
-
-
-
L3
<

*t-ansducer inoperative

paGe No. 66



PRATT & WHITNEY AIRCRAFT PWA-2315

TABLE 32 (Cont'd.) -

Magnitude of Pressure Oscillations

Pr};‘::\:‘u {pei) Mean Temperature Levels (°F)

Time Level Inlet Exit Tube | Tube T Tube 3
{seconds) (paig) Manifold Manifold Exit Exit _ Exit J T T3 T Ts T T T8 Ty Tio T T2
Valve Reopened

38.7 12.4

39 19.9 .9 1.8 1.1 179

39.16 28LS

39.18 . 260

40 15,5 .6 0.8 1.2% 347 33 339 270 2709 269 1903 245 173 1N 150 1378
41 4.0 1.9 10.9 6.0

42 15.6 2.2 7.0 7.5 3456 337 3» 271 272 271 181 213 160 1595 150 1375
43 17.8 1.2 4.5 4.0

44 17.5 2.8 7.3 7.0 345 33% 339 272 274 271 185 119 1575 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>